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ABSTRACT
Supported Au catalysts have been studied extensively for CO oxidation. These catalysts
are known to catalyze this reaction even at sub-ambient temperatures. While recent literature
demonstrates catalytic activity of gold nanoparticles <2 nm, the next stage in fine tuning this
catalysis process is to develop gold clusters prepared with atomic precision. Such atomically
precise gold catalysts supported on TiO2 hitherto have not been investigated for CO oxidation.
The main objective of this work is to synthesize atomically-precise Au38 clusters in a flask-based
method using principles of wet chemistry, to characterize these clusters using various advanced
spectroscopic techniques, and to test these clusters as potential catalytic materials for CO
oxidation.
Furthermore, we have tested TiO2-supported Au38 clusters and a commercially purchased
Au/TiO2 catalyst for CO oxidation at 30 °C and 60 °C, and used DRIFTS as a probe
spectroscopic technique to correlate kinetics with the mechanism occurring on the surface of
both catalysts in order to device the mechanistic pathways for CO oxidation. The work reported
in this dissertation is the first spectroscopic observation of the phenomena where sulfur may have
beneficial effect on the catalytic activity of Au/TiO2 catalysts. Such an interesting observation
where sulfur has beneficial effect on catalytic activity of Au/TiO2 catalysts has never been
observed in the past.
We have also synthesized and tested Fe3O4@Au core-shell nanoparticles supported on
TiO2 for CO oxidation. We show for the first time that, core-shell type nanogold catalysts are
better suited compared to pure gold nanoparticles for heterogeneous gas phase catalysis of CO
oxidation. By conducting comprehensive experiments towards understanding CO oxidation
catalysis using X-ray photoelectron spectroscopy, infrared spectroscopy, and temperature
programmed reduction, we show that the enhanced catalytic activity is due to a combination of
xii

factors ranging from synergistic interaction between Au and Fe, complete removal of organic
capping ligands and the presence of metallic gold (Au0) in the active catalyst.

xiii

CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW

In its bulk state, the noble metal gold is incomparably inert and for a long time was
considered having poor catalytic activity(Haruta 1997; Khoudiakov, Gupta et al. 2005; Wu,
Zhang et al. 2009; Tai, Yamaguchi et al. 2010). This metal had almost no application in catalysis
although it was much more abundant than other noble metals. In the 80’s, however, Haruta and
co-workers discovered that highly dispersed metal-oxide supported Au nanoparticles (NPs) have
an exceptional activity for CO oxidation, even at sub-ambient temperatures.(Haruta, Yamada et
al. 1989; Haruta 1997; Qian, Ming et al. 2006; Wu, Zhang et al. 2009) Since then supported gold
catalysts have drawn the interest of researchers. In particular, ultra-small Au (2-8 nm) particles
supported on TiO2 have been widely investigated and reported to be very active (Schumacher,
Plzak et al. 2003; Konova, Naydenov et al. 2004; Venkov, Fajerwerg et al. 2006; Manzoli,
Boccuzzi et al. 2007; Long, Gilbertson et al. 2008).
The factors that affect the catalytic activity by gold are: a) size of nanoparticles(Valden,
Lai et al. 1998), b) preparation method(Bamwenda, Tsubota et al. 1997), c) oxidation state of Au
in the catalyst(Schwartz, Mullins et al. 2004), d) pretreatment of the catalyst(Maciejewski,
Fabrizioli et al. 2001), and e) the nature of support(Haruta 2002), among others. However, the
key factors that are believed to convert the “inert gold” into a highly active catalyst are the size
of gold nanoparticles and the metal-support interaction. Research efforts on chemical control of
the shape and size of gold nanoparticles have been extensive, as well as the exploration of their
application in catalysis, biological sensing, optics, and nano-electronics(Bond and Thompson
1999; Daniel and Astruc 2004; Jin 2010). In the following sections, the effects of each of the
factors described above are discussed.

1

1.1 Major Factors Affecting Catalytic Activity of Gold
The following sections discuss the two major factors that influence the catalytic activity of
gold.
1.1.1. Synthesis Methods
One of the key parameters in the synthesis of nanoparticles is the ability to control the
size, shape, and morphology of the particles(Zhou, Hermans et al. 2004). Particularly in case of
catalysis by Au, it has been difficult to synthesize truly monodispersed particles or to recognize
effects which may be a consequence of particle size, especially when the size distribution is
broad.

Scheme 1.1. General synthesis approach for supported gold nanoparticles.

The choice of preparation method is crucial for synthesizing highly monodispersed
nanoparticles. Usually, the gold nanoparticles are prepared via nucleation from gas/liquid/vapor
2

phase and growth to nano scale. This typically involves the dispersion of precursor which is
transformed into the metal by a chemical reaction. Four widely used synthesis approaches for the
formation of gold nanoparticles are shown in Scheme 1.1(Bond and Thompson 1999).
To date, most of the gold-based catalysts have been prepared by deposition precipitation
(DP). In this process, gold hydroxide precursor [AuOx(OH)4-2x]n- is deposited on an oxide
support followed by drying and calcination in air. This typically prevents the formation of
metallic gold particles and also prevents the agglomeration of gold clusters seen in
coprecipitation(Haruta, Tsubota et al. 1993). While using this synthesis process, precipitation of
the hydroxide away from the support must be avoided. This can be achieved by avoiding the
formation of high concentration of the alkali. By carefully controlling the pH (~6-10),
temperature (~50 – 90 °C), and the concentration (~ 10-3 M) of the process, Au(OH)3 can be
selectively deposited on the support without prior precipitation in the liquid solution(Haruta
2002). Generally, the synthesis of Au nanoparticles using these traditional approaches is fairly
straightforward, however, the size and shape selectivity is usually not guaranteed.
In the recent years, colloidal gold nanoparticles have been studied for Au catalysis since
this offers a simple route to control the shape and size of gold nanoparticles. Moreover, the
colloidal particles can be prepared independently and can be supported on a metal oxide support.
The principle behind the controlled synthesis of colloidal nanoparticles lies in the controlled
rates of nucleation of a large number of nuclei and then their subsequent termination, which
leads to the synthesis of particles with relatively narrow size distribution. However, if not
controlled properly, the initiation of growth of nuclei before nucleation is terminated can lead to
broad particle size distribution. One of the important ways to improve the shape, size, and
longevity

of

such

Au

colloids

is

to
3

use

stabilizing

agents

such

as

cetyltrymethylammoniumbromide (CTAB),(Sau and Murphy 2004) polyvinylpyrrolidone (PVP),
polyvinyl alcohol (PVA)(Dimitratos, Porta et al. 2005) and polydiallyldimethylammonium
chloride (PDDA). Some of the stabilizing agents can act as reducing agents, oleylamine for
example. However, these stabilizing agents contain either sulfur or phosphorous which act as
poison and therefore diminish catalytic activity. Hence, proper care must be taken to remove S
and P before using these colloidal materials as catalysts.

1.1.1.1 Synthesis of Thiol-Ligated Gold Nanoparticles. Very recently, research interest has
emerged in the field of ultrasmall gold nanoparticles (usually < 2 nm).(Jin 2010; Jin, Qian et al.
2010) Due to their small size and molecular-like behavior, ultrasmall gold nanoclusters that are
produced using sulfur ligands are typically labeled in the literature as “Aun(SR)m”, where n and
m are the respective number of gold atoms and thiolate ligands. A major challenge in this field
has been achieving control over the size distribution of the gold nanoclusters. Ideally, synthetic
control over the cluster size at the atomic level and subsequent determination of the structure of
atomically monodispersed clusters will allow one to determine properties such as size-structureactivity relationships.
When considering the application of gold clusters, it is highly desirable to be able to vary
not only the cluster size, but also the thiol ligand functionality, since these surface groups greatly
affect the interaction of the gold clusters with surrounding liquid phase in the synthesis process.
1.1.2 Synthesis Strategies
The field of wet chemical synthesis of ultrasmall gold nanoparticles was pioneered by Brust
in 1994(Brust, Walker et al. 1994; Brust, Fink et al. 1995). In this paper, Brust demonstrated a
two step reduction process yielding 2-5 nm gold nanoparticles stabilized by a thiol monolayer,
4

Scheme 1.2. One unique advantage offered by this preparation method is the stability of gold
nanoparticles, and their susceptibility to further surface functionalization. Contrary to the
conventional gold colloids stabilized by electrostatic interaction, these thiolate capped clusters
can be stored in powdered form and re-dissolved at a later time without degradation. The process
is as follows:
1) Phase transfer of gold salt
HAuCl4 (aq) + Tetraoctylammonium bromide [TOAB (tol)] → [AuCl4-xBrx]TOA (tol) + HCl
(aq)
2) Reduction of Au(III) to Au (I)
[AuCl4-xBrx]TOA (tol) + Dodecanethiol [HSR]→ Au:SR (complexes)
3) Reduction of Au(I) to Au (0)
Au:SR (tol) + NaBH4 (aq) → Aun(SR)m
Scheme 1.2. Depiction of the 3-step Brust process

Synthesis strategies for monodisperse gold thiolate clusters can be divided in two groups:
‘kinetic control’ and ‘thiol etching’. It is important to note that several groups have also reported
monodisperse Aun(SR)m species obtained via extensive synthesis purification (e.g. gel
electrophoresis; size exclusion chromatography). However, the yields for such procedures are
typically very low and the experimental work involved is relatively complicated.
‘Kinetic control’ methods identify the formation of Au(I):SR aggregates as the crucial
step in the gold-thiolate cluster synthesis procedure. It was hypothesized that control of the
kinetics of the Au(I):SR cluster aggregation would influence the monodispersity and possibly
cluster size. By rigorous control over reaction temperature and stirring speed during the Au(III)
5

to Au(I) reduction step, Jin and coworkers were able to obtain Au25(SCH2CH2Ph)18 with high
purity(Zhu, Lanni et al. 2008; Wu, Suhan et al. 2009), Figure 1.1.

Figure 1.1. Representation of the “kinetic control” synthesis pathway. Reproduced from
Ref.(Zhu, Lanni et al. 2008)
The ‘thiol etching’ method (also referred to as ‘digestive ripening’) is a well-established
ligand exchange procedure which has already been applied in a wide variety of systems,
extending beyond the field of gold nanoparticles.(Prasad, Stoeva et al. 2002; Prasad, Stoeva et al.
2003). Typically, a mixture of gold clusters is heated to ca 80 °C in the presence of an excess of
(neat) thiol, over a period of several hours. The original capping ligand is then replaced by a
monolayer of the thiol present in large excess in the reaction mixture. Since the Au 38 clusters are
significantly more thermodynamically stable than Au clusters containing different number of
gold atoms(Qian, Zhu et al. 2009), they can survive “thiol etching”, an established ligand
exchange method which allows the formation of these monodispersed clusters.(Qian, Zhu et al.
2009).
For a long time, the thiol etching process received little attention in studies on goldthiolate clusters, typically due to the low yields of the process. However, very recently Qian et al.
significantly improved known thiol etching procedures on gold clusters by using a polydisperse
starting mixture of glutathione (‘SG’, a tripeptide) capped gold clusters(Qian, Zhu et al. 2009).
The water soluble polydisperse Aun(SG)m mixture was etched with excess neat dodecanethiol
(C12H25SH) in a two phase system. A small amount of acetone was added to reduce surface
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tension on the aqueous organic interface in order to enable phase transfer of the gold-glutathione
clusters. The thiol etching procedure and further washing steps give monodispersed
Au38(SC12H25)24 in high yield (10% Au atomic basis). An important advantage of Qian et al’s
process is the possibility to scale-up the reaction to yield the desired products in gram quantity.
This method was later modified by Qian et al. to synthesize phosphine-ligated
Au38(SCH2CH2Ph), where the synthesis process resulted in higher yields (~25% Au atomic
basis).
To date, only a few different Au38(SR)24 clusters have been reported.(Stellwagen, Weber
et al. 2012) The (-SR) ligands used yielded Au38(SC12H25)24, Au38(SC6H13)24, and
Au38(SCH2CH2Ph)24 (Chaki, Negishi et al. 2008; Qian, Zhu et al. 2009; Qian, Zhu et al. 2009),
suggesting further research in :1) synthesis of such atomically-precise Au38 clusters, and 2)
demonstration of catalysis by these clusters after supporting on a metal oxide.
1.1.3 Support Effects
The catalysis due to the dispersion of gold on an active support has been identified as one
of the key steps for CO oxidation reaction, meaning that the physical state and nature of the
support is extremely important for CO oxidation kinetics.
It has been shown that Au supported on reducible supports like TiO2, Fe2O3, CeO2, ZrO2
etc. is much more active than non-reducible supports like SiO2 and Al2O3 for CO oxidation(Lin,
Bollinger et al. 1993; Arrii, Morfin et al. 2004). Specifically, titania is an n-type semiconductor
and possesses anionic vacancies. Hence, electrons can flow to-and-from the support to the
electrophilic adsorbed species (such as O2). Usually, the preparation of gold nanoparticles by
conventional methods yields Au with >1000 atoms, in which case the electron transfer effects are
minimal. However, if the clusters are small, a charge transfer (to-and-from) the support is
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mediated. An electrostatic field at the metal-support interface can also be experienced in such a
case(Boccuzzi, Chiorino et al. 2000). Table 1.1 summarizes the activity of gold on various
supports (Bond, Louis et al. 2006). The supports listed in Table 1 consist of the oxides of base
metals of Groups 8-10, hydroxides of alkaline earth metals, semiconducting oxides of sp-metals (
not d0), followed by the oxides of other transition metals(Bond, Louis et al. 2006). The column
on the extreme right shows the temperature (in K) at which 50% conversion of the limiting
reactant (during CO oxidation) is reached.
Table 1.1. Activity of gold supported on various supports. Reproduced from Ref. (Bond, Louis
et al. 2006).
Support type
Oxide/Hydroxide
T50% (K)
Oxides of Group VIII 3d transition metals
Fe2O3, NiO, Co3O4
<266
Hydroxides of alkaline earth metals
Be(OH)2, Mg(OH)2
<266
Semi-conductive oxides
CuO, ZnO, In2O3, SnO2,
266-298
CdO
479
Oxides of other transition metals
Sc2O3, La2O3, TiO2, ZrO2,
333 - 433
Cr2O3
Insulating oxides

Al2O3

357

SiO2

477

Table 1.1 shows that reducibility of the support does play an important role in catalysis
by gold. Schubert et al. called these reducible supports as “active” supports and the nonreducible supports as “inert” supports (Schubert, Hackenberg et al. 2001). After rigorous isotopic
scrambling experiments with labeled 36O2, they concluded that gold catalysts supported on inert
supports like SiO2, Al2O3, and MgO are less active for CO oxidation than gold supported on
reducible metal oxide such as Fe2O3. However, this hypothesis was questioned by Schuth and coworkers (Comotti, Li et al. 2005). These authors studied the activity of gold supported on both
kinds of supports-“active” (TiO2, ZnO) and “inert” (ZrO2, Al2O3) for CO oxidation. They
concluded that strong-metal support interaction (SMSI) effect existed in the studied catalysts,
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and that this interaction was not influenced by the reducibility and oxygen activation ability of
the supports. These results were based on the fact that on each support, gold was dispersed
evenly with an identical particle size distribution. The authors also reported that higher activity
was obtained on catalysts supported on TiO2 and Al2O3 compared to those supported on ZnO and
ZrO2, thus refuting the claims made earlier by Schubert et al. Rousset and co-workers also
reported that the support does contribute to the activity of Au catalysts. They studied the activity
of Au catalysts on three supports – TiO2, ZrO2, and Al2O3 and eliminated the size and oxidation
as factors affecting activity.

They reported that under identical reaction conditions, T1/2

(temperatures for half conversion) were 140, 190, and 330 ˚C and turn over frequency at 393K
for CO oxidation were 1.1, 0.28, and 0.067-.016 s

-1

for TiO2, ZrO2, and Al2O3, respectively.

These results clearly showed that TiO2 was more active support compared to ZrO2 and Al2O3.
The effects of support in promoting catalytic activity have been long known. Particularly,
a support acts as structural promoter by immobilizing nanoparticles thereby increasing the
dispersion leading to enhanced catalytic activity due to the metal-support interaction. Sometimes
the support also takes a direct part in the reaction thus acting as a co-catalyst. These results have
also been proven computationally. Specifically, the first-principle simulations on Aun (n≤20)
clusters supported on MgO showed that electron transfer between gold clusters and defects on
the support (due to oxygen vacancy) play a significant role in activating the (otherwise inert) Au
nanoparticles for catalyzing CO oxidation.(Sanchez, Abbet et al. 1999)
These results were extended on Au/TiO2 catalysts by (Lopez, Nørskov et al. 2004) where
the authors used DFT and showed that Au nanoparticles could only be bound to imperfect TiO 2
surface consisting of oxygen vacancies. Their calculations also showed that the activity of
Au/TiO2 catalysts was significantly affected by the dispersion and shape of Au nanoparticles,
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which in turn was dictated by the morphology and distribution of oxygen vacancies. This study
showed that defects on support played an important role in the adhesion of Au on the support and
also enhanced its catalytic activity for CO oxidation. Therefore, it is clear that debate still exists
between the researchers about the ability to be able to assign activity to a particular cluster size
of gold clusters and the role and importance of support for a structure sensitive reaction such as
CO oxidation.
1.1.4 Effects of Active Sites and Particle Size on Au Catalysts
One of the topics of interest to researchers has been to determine the reason why bulk Au
is an inactive catalyst whereas small nanoparticles (<5 nm) are highly active catalysts. A great
deal of research has been pursued (and is still underway) to determine those sites on Au catalysts
which makes it an excellent catalyst, particularly for CO oxidation. It is believed that CO
oxidation is predominantly catalyzed on either (a) Au-support interface(Boccuzzi, Chiorino et al.
2001), (b) defects and stepped sites on surface of catalyst,(Grisel, Weststrate et al. 2002) or (c)
ultra-small Au clusters with quantum size effects.(Valden, Lai et al. 1998). A representation of
these sites is shown below in Fig. 1.2. Among the hierarchy of contributions that lead to higher
activity of Au (such as charge transfer, support-interaction, and strain), the coordination number
of Au is very significant. (Lopez, Janssens et al. 2004). Presence of low coordinated Au sites has
been proposed to be a key factor which influences the activity of Au (Lopez, Janssens et al.
2004). Particularly, DFT calculations have shown that carbon monoxide and oxygen can adsorb
on Au-Au sites with a coordination number less than 8. (Lopez and Nørskov 2002). This
computational finding has also been supported by DRIFTS experiments on Au catalysts
supported on TiO2 and ZrO2, respectively, where step/kink sites corresponding to wavelength of
2111-2123 cm-1 and positively polarized gold sites corresponding to wavelength of 2128-2135
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cm-1 were identified on freshly prepared catalyst (uncalcined) and freshly calcined catalysts. It
was also observed that Au/TiO2 had more low coordinated Au sites, which depended on the
shape of Au nanoparticles.

Corner sites

Perimeter or
interfacial sites

Extra electron

Figure 1.2. Various “catalytically active” sites on Au catalyst. Figure adapted from (Cho 2003).

Therefore, this direct correlation of catalytic activity to the presence of low coordinated
sites (and the size of Au catalysts) is logical considering the fact that large particles will contain
large number of edge and corner atoms. Thus the proportion of these edge and corner atoms in
large particles is higher compared to that in smaller particles. This also explains why small Au
nanoparticles (usually <5 nm) show higher (measured) activity towards CO oxidation. Another
study showed that for Au particles size >2 nm, the activity is dictated by the number of lowcoordinated sites. (Overbury, Schwartz et al. 2006) Size and shape of Au particles depend upon
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the interaction of Au nanoparticles with the support. Different supports induce varying degree of
interaction with Au resulting in different number of edge and corner atoms.
CO oxidation involves the adsorption of CO and O2 on various sites on the catalyst.
Mavrikakis and co-workers (Mavrikakis, Stoltze et al. 2000) argued that for small Au clusters,
the density of steps are greater. They also argued that higher step density in Au clusters leads to
higher catalytic activity. As shown below in Fig. 1.3, they demonstrated that an increase in
cluster size leading to a decrease in step density is directly associated with the activity of
Au/TiO2 catalyst.

Total step sites
“Free” step sites (sites not in
direct contact with support)

Figure 1.3. Variation of step density as a function of cluster size of Au clusters. Reproduced
from (Mavrikakis, Stoltze et al. 2000).

Therefore, according to this plot, for particles ranging in size from 2-10 nm, the atomic
rate should vary with the particle size (d) as d-1.6 and turn over frequency should vary as d-0.06.
The authors also concluded that apart from the steps, the expansive strain on the Au-interfacial
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sites also increases the activity of Au, and that this strain increases rapidly with decreasing
particle size. Studies of this kind had been done earlier by Haruta and co-workers (Haruta,
Tsubota et al. 1993) where they showed that activity of Au catalysts was influenced by the
activation of oxygen on the Au-support interfacial sites (or perimeter sites). Therefore, the ratio
of Au atoms at the perimeter to the total number of Au atoms in the hemispherical particle would
be expected to vary as d-1 and the ratio of Au atoms at the perimeter to those Au atoms on the
surface would also be expected to vary as d-1. In other words, the rate would be a function of d -2
and the TOF would be a function of d-1. Therefore, the nature and kind of the interaction of Au
with the support, and the particle size of Au would be a governing factor in the activity of these
catalysts.
Dissociatively adsorbed oxygen is thought to be the intrinsic factor which influences the
oxidation reaction on most transition metals. However, this may not be the case with gold. As
discussed earlier, gold is a very noble metal. The d-states of Au have extremely low energies,
and they do not interact with the 2p-states of oxygen. Apparently, the surface atoms of Au (111)
have such low-energy d-states, that oxygen binds much more strongly to another oxygen atom
compared to that with Au (111). (Lopez, Janssens et al. 2004)
Therefore, gold shows poor interaction with oxygen and one should not expect Au to
catalyze any oxidation reaction.(Hvolbæk, Janssens et al. 2007) This is illustrated in Table 1.2,
where the chemisorption energies of oxygen on various transition metals are depicted.
Table 1.2. DFT calculations showing the chemisorption energy of dissociatively adsorbed
oxygen on various transition metals. Energies are calculated assuming adsorption on BCC (210)
surface (Mo, W, Fe) or FCC surface (rest of metals). Reproduced from (Bligaard, Nørskov et al.
2004)
Cr
Mn
Fe (-6.30)
Co (-5.07)
Ni (-3.90)
Cu (-2.51)
Mo (-7.48)
Tc
Ru (-4.62)
Rh (-4.03)
Pd (-1.20)
Ag (-0.65)
W (-8.62)
Re
Os
Ir (-4.65)
Pt (-2.17)
Au (+0.54)
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Except for Au, all the other metals have(negative) chemisorption energy. In other words,
gold has an endothermic (net positive) chemisorption energy meaning that it would not bind
oxygen at all. The degree of nobility of gold is so high that dissociatively adsorbed oxygen does
not bind to this metal even at 1.8 atm and from 27 – 227 ˚ C (Sault, Madix et al. 1986). However,
the explanation for the unexpectedly higher catalytic activity of Au for oxidation reaction stems
from the fact that Au atoms at the steps and corners of small Au nanoparticles (<5 nm) have d
states, the energy of which is closer to Fermi level. Therefore, the higher CO and oxygen
coverage on these atoms is responsible for higher activity of Au catalysts. It is therefore logical
to assume that barriers for the surface reaction of adsorbates on such undercoordinated Au
atomic sites are lower. An illustration showing the variation of the fraction of Au atoms with
particle size is shown in Fig. 1.4.

Figure 1.4. DFT calculations showing the variation of the fraction of Au atoms (at corners,
edges, and surface) with particle size. Reproduced from (Janssens, Clausen et al. 2007).
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Fig. 1.4 shows that when the particle size of Au changes from 2 nm to 10 nm, the change in
curve corresponding to “surface atoms” is not very pronounced, however, the change
corresponding to the corner atoms is very sharp. There is also a visible steep change in the curve
corresponding to “edge atoms” with this particle size change, but this change is not as
pronounced compared to the curve corresponding to “corner atoms”. So if the catalytic activity
of Au is to be correlated to these corner sites, the activity of Au as a catalyst should improve very
considerably for particles in the size range of 1-4 nm, as shown in Fig. 1.4. This trend has also
been observed and confirmed experimentally by other researchers [(Overbury, Schwartz et al.
2006) and references therein], thereby leaving room for the researchers to investigate the
mechanism by which these reactants adsorb on such sites.
1.2. Mechanism of CO Oxidation on Au Catalysts
Researchers have always been intrigued by the phenomena taking place on the surface of
Au catalysts during the reaction. It is the oxygen adsorption on these catalysts which plays a
dominant role in activating these catalysts. All the mechanisms that have been proposed can be
broadly classified based on four assumptions:
a) on the assumption of the catalytic reaction on metallic gold;
b) on the assumption of the Au-support interaction;
c) on the assumption of the presence of both metallic and cationic gold species on the
catalyst surface during the reaction, and
d) on the assumption of the presence of cationic gold species on the surface of the
catalyst.(Bond, Louis et al. 2006)
A general mechanism for CO oxidation on the surface of Au catalysts has not been
proposed, however, because each mechanism holds only for a particular set of reaction
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conditions (temperature, pressure, moisture, CO and O2 partial pressure). Although a number of
mechanisms have been proposed, there is still controversy over the mechanisms for oxygen
adsorption and its subsequent activation. A few mechanisms have been listed in the following
section.
In the first mechanism, role of support is minimal and oxygen is assumed to adsorb (O2, ad)
and interact with adsorbed carbon monoxide (COad) as shown below in Scheme 1.3 (a).

Scheme 1.3. Various oxygen-activation mechanisms on the surface of Au/TiO2 catalysts.
In such a mechanism, it is assumed that both reactants are absorbed on the defect sites of
Au (steps, kinks, corners or edges) and reaction proceeds via the direct interaction of adsorbed
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complexes without the dissociation of oxygen.(Haruta 1997; Valden, Pak et al. 1998; Bondzie,
Parker et al. 1999; Mavrikakis, Stoltze et al. 2000) In the second mechanism [Scheme 1.3b –(i)],
molecular oxygen is believed to dissociatively adsorb on the defect sites of support (for e.g.,
TiO2 or Fe2O3). Oxygen may also adsorb on the perimeter of Au-support [Scheme 1.3b-(ii)] and
subsequently interact with COad. (Bollinger and Vannice 1996; Liu, I. Kozlov et al. 1999; Liu,
Kozlov et al. 1999). In an extension of the similar mechanism, (Liu, Kozlov et al. 1999) showed
that oxygen adsorbed on the interface undergoes charge extraction from gold nanoparticles
resulting in an (Au-O2-) bond. In the third mechanism, molecular oxygen adsorbs on the support
followed by its dissociation resulting in the formation of active surface lattice oxygen which then
reacts with COad, as shown in Scheme 1.3c. (Grunwaldt and Baiker 1999) A fourth mechanism
was proposed by (Haruta 1997)

where the reaction was thought to involve a carbonate

intermediate as shown in Scheme 1.3d. In such a mechanism, formation and carbonates and
molecular oxygen adsorption was proposed to occur on TiO2 surface. This analogy was later
extended by (Schubert, Hackenberg et al. 2001) and (Bamwenda, Tsubota et al. 1997) where the
formation of formates and bicarbonates as possible reaction intermediates was suggested.
DFT has also been used extensively to predict the reaction mechanism, however, most of
the studies have been restricted to small and unsupported nanoparticles. Nevertheless, DFT has
also proven to be an essential tool in predicting the reaction mechanisms on gold clusters. For
instance, (Lopez and Nørskov 2002) investigated CO oxidation on Au10 cluster assuming two
scenarios where
a) molecular oxygen was assumed to dissociatively adsorb on Au and then reacts with
CO (Langmuir-Hinshelwood mechanism), and
b) adsorbed molecular oxygen reacted directly with CO (Eley-Rideal mechanism).
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In both cases, they found that oxygen adsorption involves the formation of O2- type of a
superoxide complex. In the case of oxygen dissociation, reaction was proposed to proceed via the
interaction of O* and CO* (adsorbed on Au) resulting in the formation of CO2. Once this CO2
released from the surface, the other O* interacted with CO* on the surface of Au. On the other
hand, in the case of the adsorbed molecular oxygen, one oxygen atom was proposed to bind to
the Au atom on the edge site while the other oxygen atom interacted with the CO* (adsorbed on
Au surface). Indeed, this study showed that the reaction barrier for CO oxidation for an Au10
cluster was much smaller than Au(111) and Au(211) step sites. This mechanism also provided
insights into the “cooperative coadsorption” of reactants on the surface of catalyst and showed
that adsorption was cooperative rather than being competitive. Since then, research has been
pursued to determine the reaction mechanism on size-defined Au clusters, including a very
recent study by (Gao, Shao et al. 2011) where a systematic investigation of size-dependent
reaction pathways was reported on twelve Au clusters (Au16, Au17, Au18, Au20, Au27 – Au35).
Discarding support effects while searching for an appropriate mechanism is usually
difficult because support does affect the catalytic activity. As a matter of fact, bare clusters
should not show catalytic activity, however, surprisingly, there are a few experimental reports on
the catalytic activity by atomically-precise unsupported Aun (n=25, 38, 144) clusters (Zhu, Qian
et al. 2010; Zhu, Qian et al. 2010) for selective oxidation of styrene with O2 and for the selective
hydrogenation of α,β-unsaturated ketones and aldehydes. However, these results are limited
solution-phase catalysis, where the reaction takes place in a liquid solution.
One such mechanism where support effects were neglected was proposed by Kung and
co-workers (Costello, Yang et al. 2003) for CO oxidation over Au/Al2O3 catalysts. This
mechanism involved the presence of surface hydroxyls (OH-) groups connected to a cationic Au
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on the edge of the metallic cluster as shown below in Scheme 1.4a. The incoming oxygen
adsorbs dissociatively on metallic Au, next to the Au+-OH - center as shown in Scheme 1.4b.
Gaseous CO then reacts directly with the Au+-OH

–

center and results in the formation of a

hydroxycarbonyl complex. The adsorbed atomic oxygen then undergoes rearrangement and
interacts with this hydroxycarbonyl complex resulting in the liberation of CO2. Once the CO2 is
released, the initial state of the metal center is restored and the cycle continues.

(a)

(b)
Scheme 1.4. Reaction mechanism of CO oxidation on Au/Al2O3 catalyst showing: (a) the
presence of OH- group on the surface, and (b) the reaction and surface regeneration cycle.
Reproduced from (Costello, Yang et al. 2003).

Although such a mechanism in which support effects are neglected seems plausible,
researchers in the scientific community find it difficult to demonstrate the process of oxygen
activation on metal clusters. All the supports are, to some extent reducible, and possess oxygen
ion vacancies. These vacancies can be present due to the reduction induced by CO spillover from
the surface of metal. (Bond and Thompson 1999) The smaller the metal particle, the smaller the
distance that CO must diffuse to a reducible site. Therefore, the creation of oxygen ion vacancies
19

should be higher in small nanoparticles, and if they exist, they should be present on (or near) the
periphery of the nanoparticle-support.(Bond, Louis et al. 2006) So there is a distinct possibility
that molecular oxygen is activated on these vacancies resulting in the formation of O2- complex,
which was reported earlier.(Liu, Kozlov et al. 1999).
Another mechanism which accounts for the support effects is shown below in Scheme
1.5. This mechanism was proposed by (Haruta 2004) and involved the formation of surface
carbonates on TiO2. This involved the adsorption of molecular oxygen on the surface of the
catalyst, followed by its reaction with CO*. That process produced carbonates which, according
to Haruta, are spectator species and not intermediates.

Scheme 1.5. CO oxidation mechanism on the surface of Au/TiO2 catalysts. Reproduced from
(Haruta 2004).

These carbonate species are reported to deactivate the catalyst by blocking those sites on
which molecular oxygen is preferentially adsorbed and activated.(Boccuzzi, Chiorino et al. 1996;
Schubert, Hackenberg et al. 2001; Haruta 2002). One of the ways to suppress these carbonates
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was suggested by (Daté and Haruta 2001). The authors reported that addition of a little moisture
(~200 ppm H2O) enhances the catalytic activity of Au/TiO2 catalysts for CO oxidation by more
than 10 times by decomposing the carbonates that are formed on the surface of the catalyst.
These results have also been confirmed by various other researchers on Au/SiO2 catalysts (Wu,
Zhou et al. 2009) and Au/TiO2 catalysts (Schumacher, Denkwitz et al. 2004). The exact
mechanism by which moisture promotes the reaction is unknown but it is believed that the
hydroxyls react with carbonates and regenerate the catalyst as shown in Scheme 1.6.
Au-CO3H-Ti + 2HO → Au-OH + TiCO3 + H2O
Au-O-Au + H2O → 2Au-OH
Au-OH + Au-CO → Au-H + CO2 (g)
Au-O + Au-H → Au-OH + Au

(Reactivation)
(Promotion)

Scheme 1.6. A possible mechanism by which moisture regenerates and activates the catalyst.
Reproduced from (Ntho, Anderson et al. 2009).

Another mechanism proposed Bond and Thompson (Bond and Thompson 2000) was a
modification of the mechanism proposed by Kung et al.(Costello, Yang et al. 2003) in the sense
that the formation of Au-OH specie was proposed to be a result of the “borrowing” of OH- by Au
from the support leaving a vacant site as shown below:
OH- + Au + Ti4+ → Au-OH + Ti3+

O2 resulting in the following reaction:
Ti3+

2

→ O2-

4+

As shown in Scheme 1.7, there are multiple pathways for the formation of CO2. Notably,
the task of H2 species in this Scheme is to facilitate the formation of peroxy species (Au-OOH)
as shown on the left of Scheme 1.7. Also shown on the right of Scheme 1.7 is the mechanism in
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which the bicarbonates are converted to carbonates via release of hydroxyls. These carbonates
then form CO2 after the reaction with water present on the surface and the Au-OH species is
renewed. Therefore, with this mechanism, these authors showed that bicarbonates are really not
intermediates, but they are precursors to toxic carbonates.

Scheme 1.7. A possible reaction mechanism considering the contribution that hydrogen can
make during CO oxidation. Reproduced from (Bond and Thompson 2009).

One of the other mechanisms that have been overlooked by the researchers is the Mars
van Krevelen-type of a mechanism which involves CO “spillover” from Au to the support
followed by the reaction of CO with lattice oxygen as depicted in Scheme 1.8. This mechanism
was first demonstrated by Mars and Van Krevelen on vanadium oxide catalysts(Mars and
Krevelen 1954). This mechanism may form a basis for CO oxidation on Au supported on various
reducible oxides (for e.g., TiO2, CeO2, Fe2O3) which can provide lattice oxygen to the incoming
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CO. However, this mechanism has not been considered in the community since it does not
consider the presence of any hydroxyl, water, or carbonate species basically neglecting the
presence of any hydrogen-related surface species. Since these species are almost always present
on the catalyst surface (especially on TiO2), this mechanism is not proposed to be the sole
mechanism on the surface of Au catalysts.

Scheme 1.8. A Mars-van Krevelen mechanism for CO oxidation by a redox kind of a
mechanism.

Therefore, it is clear that there are a lot of factors that dictate the kinetics of CO oxidation
reaction on Au catalysts.
1.3 Accomplishments and Contributions of This Dissertation
The material presented in this dissertation consists of three separate investigations: a) the
synthesis and characterization of size-defined Au clusters, b) testing of such atomically-tailored
clusters for a simple reaction such as CO oxidation in an attempt to elucidate “structure-size23

activity” relationship, and c) the proposal of a reaction mechanism for CO oxidation which is
corroborated by real-time in situ and ex situ experimental and computational findings on the
catalyst surface. The research work reported in this dissertation has specifically addressed the
following key problems:
1.

In the past, researchers have failed to investigate a full cycle involving the

synthesis, characterization, and testing of size-defined Au catalysts for heterogeneous
catalysis. Therefore, the study was performed where Au particles with 38 atoms were
synthesized. The synthesis was based on a batch flask-based method designed to form
nearly-monodispersed particles. Once synthesized, these particles were supported on a
micro-porous TiO2 support and characterized using various spectroscopic techniques. The
supported Au/TiO2 catalysts were tested for CO oxidation activity in a fixed-bed plugflow reactor to demonstrate that they are active for such a reaction.
2.

In another front, as discussed earlier, the reaction mechanism on these Au/TiO2

catalysts for CO oxidation is still unknown and various models have been proposed on
these catalysts in the past. However, mechanism on Au/TiO2 catalysts synthesized from
thiol ligands has been overlooked. Therefore, CO oxidation mechanism was investigated
on these catalysts by means of DRIFTS spectroscopy. To compare the differences, a
commercially available Au/TiO2 catalyst was also purchased and similar experiments
were performed on this catalyst. A different reaction mechanism on the surface of this
catalyst was observed, and the mechanistic steps have been proposed based on
spectroscopic observations.
3.

Yet in another front, Fe3O4@Au core-shell type nanoparticles were synthesized,

and upon supporting on TiO2, tested for CO oxidation. Such a study was performed to
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understand the synergism between Au and Fe during reaction conditions, and to observe
the effect of catalyst pretreatment and its activity during the reaction.
1.4 Outline of Dissertation
The content of this dissertation will be of use to researchers interested in synthesis,
characterization, and reaction mechanism of size-defined catalysts. For the convenience of the
reader, the sections of this document which discuss original research are designated as selfcontained and independent units each containing an introduction, materials and methods
(including experimental section), results and discussions, and a conclusion section. The
following paragraphs will discuss how the dissertation has been structured. Although each
chapter is self-contained, some of the details are not repeated in subsequent chapters.
Chapter 2 is published work (Gaur, S.; Miller, J. T.; Stellwagen, D.; Sanampudi, A.;
Kumar, C. S. S. R.; Spivey, J. J. Synthesis, characterization, and testing of supported Au
catalysts prepared from atomically-tailored Au38(SC12H25)24 clusters, Physical Chemistry
Chemical Physics 2011, 14, 1627-1634) in which we synthesized nearly monodispersed
Au38(SC12H25)24 clusters (1.7 ± 0.2 nm) using a modified Brust process and characterized these
clusters using HRTEM, MALDI, FTIR, and XAS. Subsequently, after impregnation on a TiO 2
support, and after the removal of thiol ligands by a reductive treatment, we have shown that the
Au/TiO2 catalysts are active for CO oxidation.
Chapter 3 includes our DRIFTS study on thiol-ligated Au/TiO2 catalysts and
commercially purchased Au/TiO2 catalyst for CO oxidation at 30 °C and 60 °C. We observed
that, for CO oxidation, our catalyst showed higher activity at 60 °C but lower at 30 °C, compared
to the commercial catalyst. On our catalyst, spectroscopic evidence suggested a mechanism
involving oxygen transfer via oxidized thiolate-SO3 linkages to the titania surface that is favored
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at higher temperatures. We have proposed that, on our catalyst surface, sulfur acts as oxygen
radical transfer agent, thus providing oxygen to CO adsorbed on Au, and proving beneficial to
the catalytic activity at high temperatures.
Chapter 4 includes our study on Fe3O4@Au core-shell types of nanoparticles which
were prepared by coating superparamagnetic iron oxide nanoparticles (~4.9 nm) with a thin layer
of gold (~0.5 nm). Upon supporting these nanoparticles on TiO2, we have investigated the effects
of catalyst pretreatment in a reducing and an oxidizing atmosphere at 200, 300, 400, and 500 °C.
Finally, we have shown that catalyst treated with H2 at 500 °C showed highest activity for CO
oxidation and this effect can be attributed to the presence of Au0 in the catalyst, the complete
removal of organic ligands from the catalyst surface, and possibly due to synergistic interaction
between Au and Fe.
Chapter 5 summarizes the major findings of this work. Future research on the current
work has also been discussed in the same chapter.
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CHAPTER 2. SYNTHESIS, CHARACTERIZATION, AND TESTING OF SUPPORTED
AU CATALYSTS1
2.1 Introduction
Ever since supported Au catalysts were first reported as active for CO oxidation by
Haruta et al.(Haruta, Kobayashi et al. 1987), the effects of Au cluster size,(Valden, Lai et al.
1998) preparation methods,(Bamwenda, Tsubota et al. 1997) pretreatment,(Maciejewski,
Fabrizioli et al. 2001) Au loading,(Li, Comotti et al. 2006) oxidation state of Au,(Schwartz,
Mullins et al. 2004) and support(Haruta 2002) have been the subjects of intense study. Among
other results, Au supported on TiO2 has shown higher activity than Au on other supports for CO
oxidation, which has been widely used as a characteristic reaction for these catalysts. CO
oxidation on supported Au clusters is a structure-sensitive reaction with significant differences in
turnover frequency based on the size of Au cluster.(Valden, Lai et al. 1998) Control of the size of
Au clusters is essential in studying the effect of cluster size on catalytic activity, especially for
clusters of a few nm in size. Goodman and coworkers in their pioneering work showed that for
Au particles to show high activity, its particle size has to be less than 5 nm.(Valden, Lai et al.
1998) The method of preparation of Au catalysts also affects their catalytic activity; the most
common methods are deposition precipitation (DP),(Bamwenda, Tsubota et al. 1995; Clark, Dai
et al. 2007; Klimev, Fajerwerg et al. 2007) monolayer protected gold nanoparticles,(Hickey,
Arneodo Larochette et al. 2007; Long, Gilbertson et al. 2008) incipient wetness,(Lin, Bollinger et
al. 1993; Bollinger and Vannice 1996) coprecipitation,(Bollinger and Vannice 1996) formation
of gold colloids,(Grunwaldt, Maciejewski et al. 1999) impregnation,(Bamwenda, Tsubota et al.
1997; Yan, Chinta et al. 2006) photodeposition,(Bamwenda, Tsubota et al. 1997) and gas-phase

1

Reproduced from Gaur, S. et al., Physical Chemistry Chemical Physics, 2012, 14(5), 16271634, with permission from the PCCP Owner Societies.
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grafting.(Okumura, Tanaka et al. 1997; Okumura, Tsubota et al. 1998) Most often, Au/TiO2
catalysts have been prepared by DP. A relatively recent approach involves solution-phase
synthesis of thiol-ligated Au clusters(Zheng and Stucky 2006) which are then deposited on
various supports.(Chou and McFarland 2004; Hickey, Arneodo Larochette et al. 2007; Long,
Gilbertson et al. 2008; Hartshorn, Pursell et al. 2009; Tai, Yamaguchi et al. 2010) One advantage
offered by this two-step method is control of the size of the clusters in solution. However, the
thiol ligands must be removed while retaining the desired monodisperse clusters formed in
solution; e.g., by reductive or oxidative treatment. Metal-support interactions also affect the
activity of Au clusters since the support not only binds the metal physically, but also affects the
rate. This effect is especially important with reduced TiO2, where it is speculated that anionic
vacancies facilitate the flow of electrons in either metallic Au or adsorbed oxygen, thereby
enhancing the rate of CO oxidation.(Boccuzzi, Chiorino et al. 2000)
In recent computational studies, Zhu et al.(Zhu, Aikens et al. 2008) recently showed that
quantum effects are prevalent in monodispersed and ligand-stabilized Au25 clusters. In addition,
the ligands can alter the electronic structure of Au clusters. This type of effect was observed by
Hakkinen and co-workers(Lopez-Acevedo, Kacprzak et al. 2010) for CO oxidation.

They

showed that in ligand-stabilized Au nanoparticles (d=1.2-2.4 nm), the energy gap between
highest occupied molecular orbital (HOMO) and lowest occupied molecular orbital (LUMO)
significantly affects the binding energy between molecular O2 and Au clusters. Thiol-capped Au
clusters have also shown ferromagnetism due to the interaction of s and p molecular orbitals of
sulfur (from thiolates) with the 5d orbital of Au metal.(Kumar and Mohammad 2010)
Synthesis strategies designed to produce monodisperse gold thiolate clusters can be
divided in two groups: ‘kinetic control’ and ‘thiol etching’. ‘Kinetic control’ methods identify
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the formation of Au(I):SR aggregates as the crucial step in the gold-thiolate cluster synthesis
procedure. Specifically, control of the kinetics of the Au(I):SR cluster aggregation determines
product purity (i.e. monodispersity) and cluster size. By rigorous control over reaction
temperature and stirring speed during the Au(III) to Au(I) reduction step, Jin and coworkers were
able to obtain Au25(SCH2CH2Ph)18 with high purity.(Zhu, Lanni et al. 2008; Wu, Suhan et al.
2009) The ‘kinetic control’ pathway has also been used to produce Au20(SCH2CH2Ph)
clusters.(Zhu, Qian et al. 2009) However, it has not yet been extended to yield other
monodisperse Aun(SR)m clusters.
The ‘thiol etching’ method (also referred to as ‘digestive ripening’) is a well-established
ligand exchange procedure which has already been applied in a wide variety of systems in
addition to gold nanoparticles.(Prasad, Stoeva et al. 2002; Prasad, Stoeva et al. 2003) Typically,
a mixture of gold clusters is heated to high temperatures (~80 °C) in the presence of an excess of
(neat) thiol, over a period of several hours. The original capping ligand is then replaced by a
monolayer of the thiol present in large excess in the reaction mixture. Since the Au38 clusters are
significantly more thermodynamically stable than Au clusters containing different number of
gold atoms(Qian, Zhu et al. 2009), they can survive “thiol etching”, thus allowing the formation
of these monodispersed clusters.(Qian, Zhu et al. 2009)
It is important to note that several groups have also reported monodisperse Aun(SR)m
species obtained via extensive post synthetic purification (e.g. gel electrophoresis; size exclusion
chromatography). However, the yields for such procedures are typically very low and the
experimental work involved is relatively complicated.(Schaaff, Shafigullin et al. 1997; Negishi,
Nobusada et al. 2005)
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In this work reported in this chapter, thiol-capped Au38(SC12H25)24 clusters have been
prepared by modification of a previously published solution synthesis method.27 The clusters
have been impregnated on titania, and the thiol ligands removed by H2 treatment. These clusters
were characterized by their catalytic activity, High Resolution Transmission Electron
Microscopy (HRTEM), Fourier Transform Infra Red (FTIR) spectroscopy Ultraviolet/visible
Spectroscopy (UV-Vis), Matrix Assisted Laser Desorption Ionization spectroscopy (MALDI),
X-ray Absorption Near Edge Structure (XANES) and Extended X-ray Absorption Fine Structure
(EXAFS). The major objective of this work was to synthesize atomically-precise Au clusters and
demonstrate removal of the ligands from these supported clusters. Further, we demonstrate that
these clusters can serve as catalysts, and show the activity expected for clusters of this size using
a simple reaction such as CO oxidation.
2.2 Experimental Section
2.2.1 Catalyst Synthesis
Au clusters were synthesized by modifying the procedure reported by Jin and coworkers.(Qian, Zhu et al. 2009) Briefly, 250 mg of HAuCl4·3H2O (99.99%, Aldrich) was
dissolved in about 40 mL methanol (HPLC grade, Sigma-Aldrich). To this yellow solution, 770
mg of glutathione (H-SG, 98%, Aldrich) dissolved in 22 mL nano-pure water was added. The
resulting saw-dust colored mixture was cooled to 273K in an ice bath. To the cooled solution,
227 mg. of sodium borohydride (NaBH4, 99.99%, Aldrich) dissolved in about 12 mL water was
added in the presence of an ice bath. This forms the black Au-SG clusters. The solution was
allowed to react for one more hour, then centrifuged and the resulting precipitate is washed with
methanol for 3 times. The Au-SG clusters were then dissolved in 8 ml water, 12 mL acetone
(HPLC grade, 99.9%, Sigma-Aldrich) and 16 ml dodecanethiol (C12-SH, 98%, Aldrich).
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Dodecanethiol forms a clear upper layer while the water and acetone are in the bottom black
layer. The mixture is refluxed at 80°C while stirring vigorously overnight. During this process,
the Au38 is transferred from the water layer to the clear thiol layer. The organic layer is
separated, washed with ethanol (HPLC grade, Sigma-Aldrich) twice and then twice with acetone.
The Au38 layer settles down in both the washes. The acetone and ethanol layers are brownish in
color, while the Au38 layer is black in color. After the acetone wash, the resulting Au38 is
extracted, dissolved in toluene, and centrifuged. To the resulting liquid layer, 5 mL of acetone
and 5 mL of ethanol are added and centrifuged. The precipitate is collected and dissolved in
toluene and this process is repeated again. To test the catalytic properties of these Au38 clusters,
the solution containing these clusters was supported on TiO2 (Degussa, P25) using incipient wet
impregnation to give 0.7% Au38/TiO2 catalyst. The catalyst was dried in air at 100°C for 1 h. To
remove the thiol functionality, the catalyst was treated with a mixture of 5% H 2/He flowing at 80
mL/min for 1h at 400 °C
2.2.2 Catalyst Characterization
2.2.2.1 High Resolution Transmission Electron Microscopy
The size of the Au clusters and supported Au catalysts was determined by HRTEM using a FEI
Technai F30 microscope with an accelerating voltage of 300 kV. Au clusters supported on TiO2
were first dispersed in ethanol with ultrasonication and later drop-casted onto a 200 mesh copper
grid. The grid was air-dried for 24h prior to imaging.
2.2.2.2 Mass Spectrometry
Matrix assisted laser desorption ionization (MALDI) mass spectrometry was performed
with a PerSeptive-Biosystems Voyager DE super-STR time-of-flight (TOF) spectrometer. Trans2-[3-(4-tert-butylphenyl)-2-methyl-2-propenyldidene] malononitrile (DCTB) was used as the
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matrix. About 1 mg of matrix and 0.1 mg of stock solution (1 mg/mL) were mixed in either 100
L CH2Cl2 or 100 L toluene. A 10 L portion was applied to the steel sample plate and then air
dried.
2.2.2.3 UV-VIS Spectroscopy
The absorption spectrum was collected in a Varian Cary spectrophotometer. A quartz cuvette
was taken for this purpose which was washed several times with acetone and water to remove
any impurities. A sample blank was then scanned with the toluene present in the cuvette. After
this, 2-3 drops of concentrated Au38 sample (dissolved in toluene) was poured into the cuvette
using a pipette. The cuvette was scanned again to collect the spectrum of Au38 clusters.
2.2.2.4 X-ray Photoelectron Spectroscopy (XPS)
XPS studies were carried out to investigate the catalytic surface composition and the
chemical states of elements. These investigations were acquired on a Kratos Axis-165 X-ray
photoelectron spectrometer using Al Kα radiation (1486.6 eV), which was operated at 15 kV and
10 mA. The base pressure of the UHV analysis chamber was maintained at 10-9 torr to allow
high quality spectra being acquired. For XPS measurements, the pass energy of the analyzer was
fixed at 40 eV for high resolution scanning. XPS data were referenced to the adventitious C 1s
signal, taken as 284.8 eV, (Soares, Morrall et al. 2003; Azizi, Pitchon et al. 2010) since the
catalyst samples experienced charging. Where the C 1s signal was found to be broadened, the
Ti4+ 2p3/2 peak of the underlying TiO2 was also used to assist in correcting for charging effects.
Spectra were obtained for the C 1s, O 1s, S 2p, Au 4f and Ti 2p regions. In each case, the binding
energy (BE) and the area of the corresponding peaks were measured. In the deconvolution
process, a Shirley background was subtracted before the peak fitting with a symmetric GaussLorentz sum function was performed. The spin-orbit splitting was set to 3.65 eV for Au 4f. The
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respective intensity ratios were kept at 4:3 (Au 4f7/2:Au 4f5/2). The atomic ratios of the four
investigated elements were calculated from the integrals of the XPS signals.
2.2.2.5 Textural Measurements
BET surface area, pore volume, and pore size of the catalyst were measured using Autosorb
(AS-1, M/S Quantachrome) by adsorbing N2 at its liquefaction temperature 77 K. Prior to N2
adsorption–desorption process, the samples were degassed at 423 K for 2 h.
2.2.2.6 Inductively Couple Plasma Optical Emission Spectroscopy (ICP-OES)
Bulk elemental composition was determined using ICP-OES on a Perkin Elmer 2000 DV
instrument. Samples were first quantitatively weighed to nearest 0.1 g in a Teflon bottle. Five
mL of aqua regia was added to each sample and allowed to sit overnight, loosely capped. Five
mL of HF was then added to each sample, heated until complete dissolution at ~ 95 °C. Samples
were brought to 100 g with DI water. A method blank was prepared and analyzed the same as
samples.
2.2.2.7 Fourier Transformation Infrared Spectroscopy (FTIR)
FTIR spectra were collected in a Nicolet 6700 FT-IR (Thermo Scientific, Waltham,
Massachusetts, US) fitted with an MCT-A detector. A KBr beamsplitter was used to obtain
spectra in the range of 4000-650 cm-1. About 20 mg of catalyst sample was placed inside the
chamber, and the spectra were acquired in transmission mode. All the spectra were referenced to
the background spectrum which was acquired in the empty sample holder.
2.3 Kinetic Investigations
Catalytic activity was measured in an AMI-200 catalyst characterization system
(Altamira Instruments, Pittsburgh, PA) equipped with a fixed bed quartz U-tube reactor with an
outer diameter of 6 mm. Prior to the reaction, the catalyst was treated with Ar flowing at 40
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mL/min to remove the surface moisture. The temperature was continually ramped from 30 °C to
150 °C at 10 °C per minute and maintained at 150 °C for 1 hr. Thereafter, it was cooled to the
appropriate reaction temperature at 5 °C/min and held at that temperature for 10 min. This was
followed by flushing with He at 25 mL/min for 2 min. After this, the reactant gases were let
inside the reactor for required time. Total flow rate of the gases were maintained at 51 mL/min
and the gas composition was 1% CO, 1% O2, and 98% He flowing at a space velocity of 61, 000
scc gcat-1 h-1. All the gases were 99.99% pure and supplied by Airgas. Concentration of the
effluent gases from the reactor was determined using an on-line mass-spectrometer (Dycor
ProMaxion, Ametek Process Instruments).
2.4 X-ray Absorption Measurements
X-ray absorption measurements were conducted on the insertion device beamline of the
Materials Research Collaborative Access Team (MRCAT, 10-ID) at the Advanced Photon
Source (APS), Argonne National Laboratory. Ionization chambers were optimized at the Au L3
(11.92 keV) edge for the maximum current with linear response (ca. 1010 photons detected sec-1)
using a mixture of mixture of ca. 10% Ar in N2 (15% absorbance) in the initial and Ar (70%
absorbance) in the transmission X-ray detector. A third detector in the series collected a
reference spectrum (Au foil) simultaneously with each measurement for energy calibration. The
catalyst supports were ground to a uniform size and composition and pressed into 5 mm selfsupporting wafers. Each sample holder could contain six samples, which could be
simultaneously treated under identical conditions, placed in a quartz tube reactor equipped with
shut off valves to isolate the catalysts after reductive treatment. The catalysts were reduced first
treated at 400 °C in a flow of 80 mL/min flow of 5% H2/He, cooled to room temperature. The
gases were purified to remove traces of oxidants (air) by passing through a Matheson PUR-Gas
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Triple Purifier Cartridge. The catalyst weight was chosen to give a total absorbance (μx)
between 1-2 and edge step (Δμx) of about 0.3-0.5. The data were collected in transmission
through Kapton windows. The colloidal solution of Au clusters was measured in a 1 cm methy
methyacrylate cuvette in fluorescence. Five spectra were obtained in quick scan mode in about 4
minutes and were averaged for data analysis.
2.4.1 EXAFS Data Analysis
Phase shift and backscattering amplitudes were obtained from the HAuCl4 and Au foil for
Au-S and Au-Au scattering, respectively. Standard procedures based on WINXAS 3.1 software
were used to fit the XAS data. The EXAFS coordination parameters were obtained by a least
square fit in q- and r-space of the k2–weighted Fourier transform data. The quality of the fits
were equally good with both k1 and k3 weightings. Since the clusters and supported catalysts
were small, the higher shell data was small and not fit.
2.5 Results and Discussion
2.5.1 HRTEM Spectra of Catalysts
HRTEM image of unsupported Au38 clusters in solution is shown in Fig. 2.1, along with the
corresponding particle size distribution.

Figure 2.1. HRTEM image of Au38 clusters with particle size distribution 1.7 ± 0.2 nm. Scale
bar = 10 nm. Inset shows image of single particle(s).
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HRTEM micrograph revealed that Au38 clusters in solution were nearly uniform in size
with an average cluster size of 1.7±0.2 nm, corresponding to the size expected for Au38 clusters.
When the solution containing these clusters was impregnated on titania, after drying in air at 100
°C for 1 h, the cluster size increased to 2.8±0.6 nm as shown in Fig. 2.2(a).
A reductive pretreatment in 5% H2/He at 400 °C for 1 h resulted in sintering of Au
clusters to a particle size of 3.9 ± 1.0 nm [Fig. 2.2(b)]. A similar treatment in H2/N2 mixture
(50:50) at 290 °C for 16 h at 20 mL/min on thiol-ligated Au/TiO2 catalysts by Long et al.(Long,
Gilbertson et al. 2008) prepared from 3 nm unsupported clusters lead to an increase in size to 3.4
nm, which agrees with our results.

Figure 2.2. HRTEM image and histogram of (a) fresh and as-prepared catalyst after drying in air
at 100°C, and (b) H2/He treated catalyst.

2.5.2 UV-Vis Spectra of Clusters
Fig. 2.3(a) shows the UV-Vis spectra of Au38 clusters in solution. UV-vis serves as a
‘fingerprint’ to identify Au38 clusters present in sample. The spectrum exhibited discrete peaks
suggestive of the molecules like electronic structure.
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Clusters exhibiting such molecule-like

structures are unique for a particular core size and are thus a unique identifier of the
ligand.(Menard, Gao et al. 2006)

(a)

(b)

(c)

Figure 2.3. Characterization of Au38 clusters using a) UV-Vis b) MALDI, and c) FTIR
The clusters synthesized in our study showed peaks occurring at 1.64 eV and 2.0 eV,
which are typical for Au38(SR)24 clusters.(Qian, Zhu et al. 2009) Peaks at 1.64 eV and 1.96 eV
are also seen in Fig. 2.3(a) along with less intense peaks at 2.19, 2.38, and 2.56 eV, respectively.
Similar peaks were detected by Qian et al. for their Au38(SC12H25)24 clusters.(Qian, Zhu et al.
2009) These results show that thiol etching resulted in a narrow size distribution of the Au
thiolate clusters.
2.5.3 MALDI Spectrum of Clusters
Fig. 2.3(b) shows the MALDI spectrum of Au38(SC12H25)24 clusters in solution. The intact
cluster ion (M+) is observed at 12316.7 Da (theoretical: 12317.9). The major peak in the
spectrum is observed at 10556.1 Da. This peak can be identified as a cluster fragment
corresponding to the loss of four [Au-S-L], and one [L] unit (theoretical: 10556.2), where
L=ligand=[C12H25]. The minor peaks in between can be identified as either loss of [Au-S-L]
units, or loss of [L] units. Fragmentation via Au-S bond breaking did not seem to occur.
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2.5.4 FTIR Spectra of Clusters
Fig. 2.3(c) shows the IR spectra of Au38(SC12H25)24 clusters in solution. The spectra is
split in two parts: one showing 1800-500 cm-1 region characteristic of C=O stretch, C-H
wagging/rocking, and another one in the inset showing C-C stretch C-H and S-H stretch region
(3200-2400 cm-1). The spectrum for Au cluster is shown by the red line and its corresponding
thiol spectrum is shown by the blue line. The IR spectra of the nanoclusters are in agreement
with Hostetler et al. for Au nanoparticles with alkyl-thiolate monolayer capping (also referred as
“3D SAMs”).(Hostetler, Stokes et al. 1996; Hostetler, Wingate et al. 1998) The most prominent
peaks in the 3300-2500 cm-1 region of the spectra are attributed to symmetric (d+, ~2850 cm-1)
and anti-symmetric (d-, ~2920 cm-1) methylene stretching. The peak values of these vibrations
can be correlated to the degree of ordering in the methylene chain, as shown in earlier work on
2D SAMs.(Porter, Bright et al. 1987) Porter et al. found that monolayers with chains longer than
hexanethiol were highly ordered, whereas the smaller molecules mostly resembled the liquid
state. This trend was also observed by Hostetler et al. in his work on Au thiolate clusters, and is
also present in our clusters. Typically, alkanethiol monolayers are highly ordered with a low
number of gauche defects. These gauche defects are usually seen in free alkanethiol samples
where the d+ and d- vibrations lie at higher energies. Fig. 3(c) also shows anti-symmetric CH2stretch observed at 2921 cm-1 and symmetric CH2- stretch at 2952 cm-1. An additional peak for
the free thiol at 2561 cm-1 can also be observed which can be assigned to S-H stretching
vibration. Several peaks are observed in the 1500-1400 cm-1 range. The peak at 1465 cm-1 is
commonly assigned to the scissoring of an all-trans methyl chain. The peak at 1458 cm-1can be
assigned to an anti-symmetric methyl bending vibration. The 1465 cm-1 peak is more intense for
Au clusters (red line), compared to its respective free thiol, which confirms the high degree of
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ordering of the alkyl chains in Au clusters. The 1400-1200 cm-1 range is characterized by methyl
symmetric bending (umbrella) vibration at 1375 cm-1and several twisting-rocking and wagging
progression bands found between 1380 and 1180 cm-1. The presence of these progression bands
as a series of well resolved peaks is a strong indicator of crystallinity. Between 1200 and 1000
cm-1, the IR spectrum is dominated by C-C stretching modes. A wagging end-gauche defect band
can be observed at 1072 cm-1. Of further interest is the C-S bond, an important characteristic of
the Au-thiolate clusters. The C-S vibration modes can be correlated to the orientation of the
adjacent C-C bond. In the IR spectra for free alkyl thiol, the C-S vibration is observed at 655 cm1

(gauche, GT) and 707 cm-1 (trans, TT). The latter can be seen as a shoulder of the peak related

to all trans methylene rocking at 721 cm-1. There is no evidence for the presence of an S-S bond,
usually found around 575 cm-1. The Au-S related peaks lie at even lower energies (220 cm-1),
and fall outside the range of our FTIR spectrometer. In general the Au-S vibrations are very
weak and difficult to observe, although there have been reports on FTIR investigations on gold
thiolate clusters(Petroski, Chou et al. 2009). It can be concluded from the IR data that all thiol
ligands are highly ordered with no internal kink defects present. No evidence of carboxylic
groups was observed, confirming that total ligand exchange was achieved during the thiol
etching process.
2.5.5 XPS Spectra of Catalysts
The XPS spectra obtained for the Au 4f region of Au/TiO2 catalysts (a) before sulfurremoval treatment (2.8 ± 0.6 nm Au clusters), and (b) after sulfur-removal treatment (3.9 ± 1.0
nm Au clusters) are given in Fig. 2.4. Due to the very small size of the Au clusters estimated by
HRTEM, the Au peaks in XPS spectra are broadened in all samples.(Klasovsky, Steffan et al.
2007) The Au 4f transition for air-dried and H2/He treated catalyst, Fig. 2.4(a) and 2.4(b), shows
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two peaks due to the Au 4f7/2 and Au 4f5/2 transitions. Specifically, for the reductively pretreated
Au/TiO2 catalyst, two different types of gold species were identified by the Au 4f7/2 peaks at 83.4
eV and 85.8 eV. The dominant component peak at 83.4 eV corresponds to metallic Au0. The
85.8 eV peak represents Au(+1)-thiolate surface interactions. Although the Au is formally in the
+1 oxidation state for an Au-SR interaction, the stronger donor ability of the thiolate group
reduces the positive charge to a fractional charge.

(a)

(b)

Figure 2.4. Au4f spectrum of 0.7%Au38/TiO2 for a) air-dried, and b) H2/He treated catalyst.

Compared to bulk gold (Au0 = 83.8 to 84.0 eV),(Bourg, Badia et al. 2000; Chang, Yu et
al. 2005) the metallic Au0 in the pretreated sample shifted to lower energy suggesting that these
Au atoms are interacting with the negatively charged oxygen atoms bound to Ti on the surface.
The influence of the negative charge on the oxygen atoms shifts the Au0 levels up slightly in
energy. The fact that there is still a peak at 85.8 eV indicates that not all the sulfur-containing
species have been removed with the reductive treatment.
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Similar to the reductively treated sample, the 83.8 eV (major) and 85.8 eV (minor) Au 4f
signals of the air-dried Au/TiO2 catalyst (2.8 ± 0.6 nm) were matched to Au0 (83.8 eV) and
Au(+1)-thiolate

(-SR) surface interactions (85.8 eV). There is no Au 4f peak at 83.4 eV in this

case, consistent with the lack of any direct Au0-TiO2 interactions due to alkanethiol capping.
The fraction of Au(+1) - thiolate species, at the gold-support interface, in the unreduced
Au/TiO2 catalyst (11.1 %) is significantly larger than that of the H2- reduced catalyst (1.9 %,
Table 2.1).
Table 2.1. Atomic amounts (%) of different Au species to total Au in the Au/TiO2 samples
Au 4f(Au0)
Au 4f (Au-S)
Au+1
BE (eV)
Amount in air-dried catalyst
Amount in H2/He treated cat.

83.4±.05
0.1
98.1

83.8±.05
88.8
0

85.7±.05
11.1
1.9

The XPS results show that H2 reduction removes most of the thiolate groups, and
converts the Au(+1) to Au0 species. Consistent with the positive shift of Au 4f peak caused by
the Au-SR bonding in the air dried (100 °C for 1 h) catalyst, sulfur was detected in this sample,
as shown in Fig. 2.5.

Figure 2.5 XPS peak for sulfur 2p region for air-dried catalyst
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Peak fitting indicated doublet peaks at 162.2 eV (S 2p3/2) and 163.8 eV (S 2p1/2). These
peaks result from sulfur bound to Au nanoparticles either as thiolates or sulfides.(Bourg, Badia et
al. 2000; Joseph, Besnard et al. 2003) A smaller contribution from peak centered at 165.8 eV can
be assigned to oxidized sulfur species.(Joseph, Besnard et al. 2003) Some oxidation of free-thiols
may occur during their storage under ambient condition.
Elemental surface compositions from XPS are given in Table 2.2. More Au0 was present
in the H2-treated sample compared to the air-dried one, as expected.

The increase of Au

concentration for the H2-treated sample is due mainly to the increase in number of Au0 centers. A
smaller part of this increase is due to the reduction of thiolate groups from the surface.

Table 2.2 Atomic amounts (%) of elements in the Au38/TiO2 samples
Au 4f
S 2p
Ti 2p
Air-dried sample
1.9
0.3
53.4
H2/He treated sample 2.5
0
51.1

O 1s
42.5
43.7

2.5.6 FTIR Spectra of Catalysts
Figure 2.6 shows the FTIR spectra of TiO2 support, air-dried catalyst, and catalyst
pretreated in reductive environment. Peaks corresponding to dissociated water and molecularly
adsorbed water (bending vibration of H-O-H) were observed at 1540 cm-1 and 1630 cm-1 on all
the samples.(Janus, Kusiak et al. 2009) For the air-dried catalyst, peak at 1380 cm-1 can be
attributed to the S--O band observed when TiO2 was treated with a mixture of SO2 and O2 at
723K.(Saur, Bensitel et al. 1986) Such a band could not be seen in the H2- treated catalyst and
TiO2 support. Apart from this band, another band at 1466 cm-1 was also observed in the air-dried
catalyst which can be attributed to surface HCO-3 as observed earlier by Liu et al. (Liu, Liu et al.
2007) These authors reported that such a band is formed during oxidation of carbonyl sulfide on
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TiO2 surface at 298 K. The H2-treated catalysts did not show a peak for S--O formation.
However, it is important to note that peaks for sulfides are not easily visible in FTIR because of
their low intensity. So while most of the thiolated compounds could have been removed by the
reductive treatment, it would be hard to confirm the complete absence of thiolate species from
the H2-treated catalyst.

Figure 2.6. FTIR spectra of air-dried catalyst, H2/He treated catalyst, and TiO2 support

2.5.7 Analysis of Catalyst Samples by Synchrotron Radiation-Based XAS
The Au L3 XANES spectrum for Au38 clusters from edge energy of 11.90 to 11.95 eV
along with HAuCl4 (Au+3) and Au foil (Au0) are shown in Figure 2.7.
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The spectra was typical of metallic Au0 rather than Au3+ which showed that thiol etching
yielded metallic clusters. Although the XANES edge position and intensity are consistent with
metallic Au, there is a small shift in the energy of the XANES, which may be due to a slight
oxidation resulting from the high level of S coordination.

Figure 2.7. XAS study on AuL3 edge for catalysts showing XANES spectra for Au38 clusters
Fig. 2.8 shows the EXAFS spectra for the Au38 clusters (in solution), the 0.7% Au/TiO2dried (but otherwise untreated) catalyst, and the 0.7% Au/TiO2 catalyst treated at 400 C with
H2/He to remove the sulfur-ligands.
The peak below about 2 Å is due to Au-S, while the two large peaks and low R shoulder
from about 2-3.3 Å are due to Au-Au scattering. The magnitude and imaginary parts of the
Fourier transform were fit and the first shell coordination parameters are summarized in Table
2.3. The EXAFS spectrum of the Au38 clusters showed high Au-S coordination, 1.1 Au-S at 2.30
Å, indicating the presence of significant sulfur content. Additionally, there is a small Au-Au
peak; however, due to the small size and overlap with the large Au-S the error in the fit is large.
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While quantification of the Au-Au peak is uncertain, it is clear that the Au-Au coordination is
small, consistent with very small nanoparticles.

Figure 2.8. XAS spectrum (k2:𝛥k = 2.6 to 11.3 Å-1) of the catalyst samples showing EXAFS
spectra.

The fits of 0.7% Au38/TiO2 indicate a 6.8 Au-Au at 2.85 Å and 0.7 Au-S at 2.31 Å, which
agrees well with the literature reported values of 2.85 Å and 2.31 Å for 2 nm particles.(Zanchet,
Tolentino et al. 2000) An Au-Au coordination number of 6.8 is also consistent with an average
particle size of about 2 nm(Miller, Kropf et al. 2006) and indicates a large increase in the size of
clusters upon supporting on TiO2. Treatment of the 0.7% Au38/TiO2 with H2/He at 400 °C for 1 h
leads to a decrease in the Au-S coordination number (0.3) compared to both the Au38 clusters in
solution and air-dried 0.7% Au/TiO2. However, this reductive treatment also leads to an
increased Au-Au coordination (8.6) and particle size (3.5 nm) compared to the air-dried sample,
consistent with HRTEM results. The fact that upon H2 treatment, the Au-Au interaction of the
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catalyst changed suggests that this Au (+1) species in the air-dried catalyst is located at the AuTiO2 interface21 where it interacts with the strongly electropositive sulfide species.
Table 2.3 Au L3 EXAFS fits for catalysts pretreated under different gases
DWF (x
Sample
Treatment
Scatter
N
R, Å
103)
Au-Au
2.5
2.78
3
Au38
Solution
clusters
Au-S
1.1
2.30
1
Au-Au
6.8
2.85
2
0.7%
None
Au38/TiO2
Au-S
0.7
2.31
1
Au-Au
8.6
2.85
2.0
0.7%
H2/He,
Au38/TiO2
400°C, 1h
Au-S
0.3
2.31
1.0

Eo, eV
-2.5
-3.2
-0.5
-1.1
-0.5
0.4

Size,
nm
1.0
2.0
3.5

The EXAFS spectra showing [chi(k) * k2 vs. k] for the catalyst samples is shown in Fig.
2.9. With the reductive treatment, the simultaneous removal of sulfur and decrease in Au (+1)
content is consistent with EXAFS analysis (Table 2.3). Such an effect is marked by changes in
Au-Au and Au-S coordination upon H2 treatment, and consistent with the similar effect reported
on by Tai et al. in their EXAFS analysis on thiol-capped Au/TiO2 catalyst after reductive
treatment.(Tai, Yamaguchi et al. 2010) The Au atoms located at certain positions such as edges
or corners on the crystalline, faceted surfaces of the nanoparticles may also contribute to the Au
peak at 85.8 eV(Joseph, Besnard et al. 2003) as seen earlier in results from XPS. As the size of
clusters increased after the thermal reduction process, the proportion of such “dislocated” Au
atoms decreased, which corresponded to the decreasing peak at 85.8 eV in the H2/He treated
sample. The peak centered at 165.8 eV indicated low levels of oxidized sulfur species. (Joseph,
Besnard et al. 2003) This could be caused by the interaction of oxidized thiol species with the
TiO2 support, resulting in formation of small amount of sulfates. However, FTIR results for
catalyst subjected to the reduction treatment suggested that these sulfates disappeared after the
reductive treatment. Treatment of the catalyst with H2/He also leads to changes in Au-Au
coordination (Table 2.3) suggesting an interaction between Au and the TiO2 support. EXAFS
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measures only S coordinated to Au (as Au-S); the bond distance of about 2.3 Å is consistent with
the formation of Au-sulfide bond. This results in a significant charge transfer from Au to S
which is also consistent with XPS results.

Figure 2.9. XAS spectrum (k2:𝛥k = 2.6 to 11.3 Å-1) of the catalyst samples showing EXAFS
spectra of a) Au clusters, b) Au38/TiO2 catalysts treated in air at 100 °C, and c) Au38/TiO2
catalysts treated with H2/He at 400 °C
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Zhang et al. in their XANES results observed the transformation of thiol-capped Au into
sulfide-capped Au after annealing Au nanoparticles supported on Si nanowire at 500 °C.(Zhang,
Zhou et al. 2005) In Au/TiO2 catalysts, these sulfides could not be seen on H2/He treated
catalyst with FTIR, which is a surface specific technique, however, the different results showed
by EXAFS, XPS, and FTIR could be due to the low detection limits of EXAFS and XPS
compared to FTIR.
2.5.8 Kinetic Activity Results
CO oxidation was used to determine the catalytic activity of these catalysts compared to
results reported in the literature. Plot showing catalytic activity for CO oxidation by the air-dried
and H2/He treated 0.7% Au/TiO2 catalyst is shown in Fig. 2.10.

Figure 2.10. Catalytic activity of H2 treated and air-dried catalysts with temperature. Reaction
conditions: 1%CO, 1%O2, and 98% He with a total flow rate of 51 mL/min and a space velocity
of 61,000 scc gcat-1 hr-1.
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The air-dried catalyst also showed almost no activity for CO oxidation. This is consistent
with the results discussed above which show that the presence of thiol ligands prevents contact
of Au sites with molecular CO, leading to no measurable activity. The 0.7% Au/TiO2 catalysts
treated with H2/He showed the expected Arrhenius behavior, with apparent activation energy of
31.2 kJ/mol, within the range of that reported by others.(van den Berg, De Toni et al. 2011)
However, the turnover frequency of 0.7% Au38/TiO2 was lower than catalysts prepared by
conventional methods.(Long, Gilbertson et al. 2008; Tai, Yamaguchi et al. 2010) Scheme 1.1
summarizes the overall objective of the work in this chapter : beginning at the synthesis of the
Au cluster, then supporting on an oxide support (TiO2), followed by the removal of ligands
disseminating in the formation of a catalyst which is active for CO oxidation.
2.6 Conclusions
In conclusion, atomically precise Au38 clusters can be prepared in solution and supported
on TiO2. Subsequent removal of the sulfur ligands by H2 treatment produces a catalyst with
3.9±1.0 nm Au clusters that are active for CO oxidation. Results from FTIR revealed that there
was no detectable sulfur present in the catalyst after the reductive treatment; however, EXAFS
and XPS suggested minute presence of sulfides in the catalyst. The presence of Au (+1) species
in the air-dried catalyst was detected by XPS and XANES, however, the proportion of Au (+1)
decreased when the catalyst was treated with H2/He. Results suggested that the electropositive
sulfide species strongly interacted with Au (+1), likely at the Au-TiO2 support-interface,
suggesting that the interfacial sites play an important role in catalyzing CO oxidation.

These

results pave the way for further investigation of synthesis methods designed to produce
monodispersed Au clusters of controllable size, and the effect of cluster size on reactions such as
CO oxidation efficiency.
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CHAPTER 3. IN SITU FTIR (DRIFTS) STUDY OF TiO2 SUPPORTED AU38 CLUSTERS
FOR CO OXIDATION: EFFECTS OF TEMPERATURE ON CATALYST ACTIVITY

3.1 Introduction
Two decades after supported Au clusters were first reported to be active for CO
oxidation at low temperatures,(Haruta, Kobayashi et al. 1987) the activity of these catalysts is
still under investigation. These catalysts have been studied on a variety of metal oxide supports
like CeO2,(Hickey, Arneodo Larochette et al. 2007) TiO2,(Boccuzzi, Chiorino et al. 2000;
Guzman and Gates 2004; Denkwitz, Geserick et al. 2007; Denkwitz, Zhao et al. 2007)
ZrO2,(Grunwaldt, Maciejewski et al. 1999; Maciejewski, Fabrizioli et al. 2001) Al2O3,(Calla and
Davis 2004) Fe2O3,(Haruta, Tsubota et al. 1993) Co3O4,(Haruta, Tsubota et al. 1993) and
SiO2,(Lin, Bollinger et al. 1993), however, the most commonly studied catalyst for CO oxidation
remains Au supported on TiO2 due to its higher activity. Supported Au catalysts are also active
for propylene epoxidation, CO oxidation, NO reduction, hydrogenation.(Haruta 2002) Supported
Au catalysts have also been found to catalyze PROX,(Ruszel, Grzybowska et al. 2007) oxidation
of alkanes,(Solsona, Garcia et al. 2006) and the water-gas shift reaction.(Burch 2006) The most
common factors which affect the catalytic activity of gold are: a) size of the gold
nanoparticles,(Haruta, Tsubota et al. 1993; Valden, Pak et al. 1998) b) preparation
method,(Glaspell, Fuoco et al. 2005) c) pretreatment and amount of gold loading,(Maciejewski,
Fabrizioli et al. 2001; Li, Comotti et al. 2006) d) oxidation state of gold,(Schwartz, Mullins et al.
2004) and e) binding strength with the support.(Haruta 2002) Although highly active, these
catalysts often deactivate relatively quickly and this has limited their commercial
applications.(Moreau, Bond et al. 2008)
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It is generally accepted that in order for gold particles to show high activity at near- and
sub-ambient temperatures, its cluster size has to be less than 5 nm. Haruta demonstrated that Au
clusters in this size range show excellent activity for CO oxidation.(Haruta 2004) The method of
preparation of Au catalysts also affects their activity. The most common methods are deposition
precipitation (DP),(Bamwenda, Tsubota et al. 1995; Clark, Dai et al. 2007; Klimev, Fajerwerg et
al. 2007) monolayer protected gold nanoparticles (Au NPs),(Hickey, Arneodo Larochette et al.
2007; Long, Gilbertson et al. 2008) incipient wetness,(Lin, Bollinger et al. 1993; Bollinger and
Vannice

1996)

coprecipitation,(Bollinger

and

Vannice

1996)

formation

of

gold

colloids,(Grunwaldt, Maciejewski et al. 1999) impregnation,(Bamwenda, Tsubota et al. 1997;
Yan, Chinta et al. 2006) photodeposition,(Bamwenda, Tsubota et al. 1997) and gas-phase
grafting.(Okumura, Tanaka et al. 1997; Okumura, Tsubota et al. 1998) To date, most of the
Au/TiO2 catalysts have been prepared by DP. In this process, gold hydroxide [AuOx(OH)4-2x]nis deposited on TiO2 support followed by drying and calcination in air. This typically prevents
the formation of metallic gold particles and also prevents the agglomeration of gold clusters seen
in coprecipitation.(Haruta, Tsubota et al. 1993) On the other hand, thiol protected gold Au NPs
have also been synthesized(Zheng and Stucky 2006) and deposited on various supports.(Chou
and McFarland 2004; Hickey, Arneodo Larochette et al. 2007; Long, Gilbertson et al. 2008;
Hartshorn, Pursell et al. 2009; Tai, Yamaguchi et al. 2010) The advantages offered by this
method include: a) better control of size of nanoparticles due to ex situ synthesis, and b) preformation of metallic gold (Au0) in solution before deposition on support. However, this means
that the thiol ligands bound to the Au clusters must be removed for the Au to be catalytically
active.
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Metal support interactions also affect the activity since the support not only binds the
metal physically, but may also serve as oxygen supplier during the reaction. This effect is more
predominant with a reducible support like TiO2 which has anionic vacancies that facilitate the
flow of electrons in metallic Au or adsorbed oxygen thereby enhancing CO oxidation. The
oxidation state of Au responsible for its CO oxidation activity on TiO2 supports is still debated.
Schwartz et al in their X-ray absorption experiments with Au/TiO2 concluded that metallic gold
is primarily the active phase.(Schwartz, Mullins et al. 2004)

This agrees with Zanella et

al(Zanella, Giorgio et al. 2004) and Weiher et al(Weiher, Beesley et al. 2007), who demonstrated
in their XANES experiments that the highest activity was shown by catalyst calcined at 200 °C
and concluded that the active catalyst was metallic Au. On the other hand, Kung and co-workers
proposed that cationic Au is responsible for higher catalytic activity.(Fu, Wu et al. 2005) The
type of pretreatment given to the Au/TiO2 catalysts also causes a drastic change in their activity.
While Zanella et al(Zanella, Giorgio et al. 2004) and Boccuzzi et al(Boccuzzi, Chiorino et al.
2001) found that Au/TiO2 catalysts calcined at 200 °C exhibited the highest activity, several
other researchers reported that maximum activity of these catalysts was obtained if calcined at
300 °C or above.(Maciejewski, Fabrizioli et al. 2001; Zanella, Giorgio et al. 2004)
Very recently, research interest has focused on preparing monodisperse gold nanoparticles
(usually < 2 nm) capped with thiolate ligands. Due to their small size and molecular-like
behavior, these gold nanoclusters are typically described in the literature as “Aun(SR)m”, where n
and m are the respective number of gold atoms and thiolate ligands. A major challenge in this
field has been achieving control over the size and distribution of the (supported) gold
nanoclusters that determine properties such as size-structure catalytic activity relationships.
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The field of wet chemical synthesis of gold nanoparticles was pioneered by Brust in
1994.(Brust, Walker et al. 1994; Brust, Fink et al. 1995) One of the unique advantages of this
Brust’s preparation method is the stability of gold nanoparticles, and their susceptibility to
further surface functionalization.

Contrary to the conventional gold colloids stabilized by

electrostatic interaction, these thiolate capped clusters can be stored in powdered form and redissolved at a later time without degradation or agglomeration.
Synthesis strategies for monodisperse gold thiolate clusters can be divided in two groups:
kinetic control and thiol etching. Kinetic control methods identify the formation of Au(I):SR
aggregates as the crucial step in the gold-thiolate cluster synthesis procedure. The thiol etching
method is a well-established ligand exchange procedure which has already been applied in a
wide variety of systems, extending beyond the field of gold nanoparticles.(Prasad, Stoeva et al.
2002; Prasad, Stoeva et al. 2003)

Since the Au38 clusters are significantly more

thermodynamically stable than Au clusters containing different number of gold atoms(Qian, Zhu
et al. 2009), they can survive this thiol etching, which allows the formation of these
monodispersed clusters.(Qian, Zhu et al. 2009)
To date, only a few different Au38(SR)24 clusters have been reported: Au38(SC12H25)24,
Au38(SC6H13)24, and Au38(SCH2CH2Ph)24,(Chaki, Negishi et al. 2008; Qian, Zhu et al. 2009;
Qian, Zhu et al. 2009) The synthesis of other ligand-substituted Au38 clusters, and demonstration
of catalysis by these clusters after supporting them on a metal oxide are largely unexplored.
Here we report the first results on the characterization and catalytic activity by
Au38(SC12H25)24 clusters supported on TiO2. These clusters are more thermodynamically stable
than other cluster sizes and the preparation method initially results in relatively monodispersed
particles. The solution containing the clusters was then used to impregnate TiO2 (P25, Degussa).
53

The fresh Au/TiO2 catalysts were reductively treated to remove the thiol ligands and
characterized. A commercial AUROlite™ Au/TiO2 purchased from Strem Chemicals was used
for comparison with our Au/TiO2 in CO oxidation
3.2 Experimental
3.2.1 Materials
Glutathione (G-SH, >98%, Aldrich), tetrachloroauric(III) acid (HAuCl4·3H2O, 99.99%,
Aldrich), sodium borohydride (NaBH4, 99.99%, Aldrich), 1-dodcanethiol (C12-SH,98%,
Aldrich), acetone (HPLC grade, 99,9%, Sigma-Aldrich), toluene (HPLC grade, 99.9%, SigmaAldrich), ethanol (HPLC grade, Sigma-Aldrich) were used as received.
3.2.2 Catalyst Preparation
Au38(SC12H25)24 clusters were synthesized as described elsewhere(Qian, Zhu et al. 2009;
Gaur, Miller et al. 2011). To make the clusters, 500 mg of the gold salt was dissolved in 85 ml
of methanol. A solution of 1.56 g of glutathione dissolved in 43 mL of water is added forming a
sawdust color suspension.

After the suspension was chilled at 0 °C for 30 minutes, the

suspension turned white. To this, 461 mg of sodium borohydride dissolved in 25 mL water is
added while stirring vigorously.
suspension black.

The addition of the sodium borohydride turns the white

The reaction is allowed to stir for one more hour.

The suspension is

centrifuged, the precipitate collected, and washed three times with methanol.
precipitate is then dissolved in 12 mL water.

The washed

To this, 15 mL of acetone and 20 mL of

dodecanethiol are added and the mixture is etched overnight at 80 °C. During this process, the
clusters transfer from the aqueous layer to the organic thiol layer, which was observed by the
transfer of the black color from the bottom layer to the top. After etching, the organic layer is
separated from the aqueous layer.

The organic layer is washed twice with ethanol.
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The

precipitate is then washed twice with acetone. Once again, a centrifuge or a funnel can be used
for this too.

Finally, the precipitate from the acetone wash is dissolved in toluene and

centrifuged again.

The gold clusters are soluble in toluene, and hence the liquid layer is

collected in this case. To increase the purity, the supernatant is evaporated till about 2 mL is left.
To this, 10 mL of acetone and 10 mL of ethanol are added, and centrifuged again. The gold
clusters are precipitated out and the precipitate is collected. These were dissolved in toluene and
then stored under sub-ambient temperature in a refrigerator.
The clusters were supported on TiO2 (P25, Degussa) by incipient wetness impregnation.
After impregnation with the Au38–thiolate clusters, the Au/TiO2 catalysts were calcined in static
air in a furnace (Barnstead Thermolyne) at 100 °C for 1 h. To remove the thiol-ligands from the
catalyst, it was given a reductive pretreatment with 5% H2/He at 400 °C for 1 h.
3.2.3 Catalyst Characterization
3.2.3.1 High-Resolution Transmission Electron Microscopy (HRTEM)
To determine the particle size of Au clusters in solution and the resulting Au/TiO2
catalysts, the particles were analyzed in a FEI Technai F30 microscope. The Au 38–thiolate
clusters were drop-casted on a 200 mesh copper grid while the Au catalysts were first dispersed
in ethanol using an ultrasonicator before drop-casting. The grids were later air-dried for 24 h
before taking any images.
3.2.3.2 X-ray Photoelectron Spectroscopy (XPS)
X-ray photoelectron spectroscopy (XPS) was used to determine the oxidation state and
amount of Au, Ti, O and S present. The spectrum was collected using a Kratos Axis 165
spectrophotometer with a monochromatic aluminum X-ray source. The current used for the
analysis was 10 mA and the voltage used was 15 kV. Pass energy was held at 40 eV and 80 eV
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for survey and high resolution scans, respectively. All of the XPS data were referenced to the
adventitious C 1s signal, taken as 284.8 eV. Where the C 1s signal was found to be broadened,
the Ti4+ 2p3/2 peak of the underlying TiO2 was also used to assist in correcting for charging
effects. Spectra were obtained for the C 1s, O 1s, S 2p, Au 4f and Ti 2p regions. In each case,
the binding energy (BE) and the area of the corresponding peaks were measured.

In the

deconvolution process, a Shirley background was subtracted before the peak fitting with a
symmetric Gauss-Lorentz sum function was performed. The spin-orbit splitting was set to 3.65
eV for Au 4f. The respective intensity ratios were kept at 4:3 (Au 4f7/2:Au 4f5/2). The atomic
ratios of the four investigated elements were calculated from the integrals of the XPS signals.
3.2.3.3 Textural Measurements
BET surface area, pore volume, and pore size of the catalysts were measured using
Autosorb (AS-1, M/S Quantachrome) by adsorbing N2 at its liquefaction temperature 77 K.
Prior to N2 adsorption–desorption process, the samples were degassed at 523 K for 1 h. About
0.5 g of the sample was used for each run. All the runs were performed with 40 points (20
adsorption, 20 desorption).
3.2.4 Catalyst Testing
To measure the catalytic activity, a quartz U-tube fixed-bed reactor was used (AMI 200,
Altamira Instruments, Pittsburgh, PA).

To remove the moisture from the catalyst, the

temperature of the bed was ramped from 35 °C to 200 °C at a ramp-rate of 5 °C/min while
flowing Ar at 40 mL/min. Thereafter, the reactor was purged with He flowing at 30 mL/min for
2 min and then cooled down to the appropriate reaction temperature. After this, the reactant
gases were flowed through the reactor for the desired time on stream.

For the oxidation

catalysis, the volume percentage of the reactants was maintained at 1% CO, 1% O2, and balance
56

He while maintaining a total flow rate of 51 mL/min and a space velocity of 61,200 scc gcat-1 h-1.
Concentration of the effluent gases from the reactor was determined using an on-line mass-spec
(Dycor ProMaxion, Ametek Process Instruments).

The mass-spectrometer was calibrated

previously with known volumes of gases to quantify the effluent gas flow rates.
3.2.5 Infrared Experiments With Diffuse Reflectance Infrared Fourier Transform
Spectroscopy (DRIFTS)
Experiments for probing CO absorption and CO oxidation on the pretreated catalyst and
baseline catalyst were performed to investigate the surface reaction phenomena on Au catalysts
during the reaction. For this purpose, FTIR spectra were collected in a Nicolet 6700 FT-IR
(Thermo Scientific, Waltham, Massachusetts, US) fitted with an MCT-A detector and KBr
beamsplitter to obtain spectra in the range of 4000-650 cm-1. About 20 mg of the sample was
loaded into a reaction cell provided by Harrick (Praying Mantis model). Provisions were made
to the cell for gas inlet, outlet, heating, and cooling. Before any measurements were performed,
the sample was heated in He for 1 h at 150°C at 30 mL/min and then cooled to room
temperature. For all the measurements, 64 scans with a resolution of 4 cm-1 were accumulated
for a spectrum. Prior to the run, backgrounds were collected by flowing He (at 31 mL/min) at
the respective reaction temperature. Reactant gases were maintained at the same flow rate (and
space velocities) as performed earlier in kinetic experiments. Sample spectra acquired at a
particular reaction temperature were referenced to the corresponding background spectra at that
temperature measured earlier with He flow. All the gases were provided by Airgas and 99.999%
pure. The gases were passed through moisture and hydrocarbon traps before passing into the
reaction chamber. Gas flow was controlled by mass flow controllers (Sierra, C100L).
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3.3 Results and Discussion
3.3.1 HRTEM
HRTEM images of catalyst samples are shown in Fig. 3.1, along with the respective particle size
distribution in the inset.
(a)

(b)
3.9 ± 0.96nm

3.05 ± 0.84 nm

Figure 3.1. HRTEM micrographs and particle size distribution (inset) for (a) H2/He treated
Au/TiO2 catalysts (scale bar = 5 nm), and (b) fresh commercial catalyst (scale bar = 20 nm).
A reductive pretreatment in 5% H2/He at 400°C for 1 h resulted in sintering of Au
clusters (1.7 ± 0.2 nm) to a particle size of 3.9 ± 0.96 nm, as shown in Fig. 3.1c. This increase in
size is consistent with thermal treatment that enhances the diffusion and mobility of Au
nanoparticles on the surface ultimately resulting in their agglomeration to form larger clusters.
In another study on thiol-ligated Au/TiO2 catalysts, Long et al.(Long, Gilbertson et al. 2008)
reported that 3 nm unsupported clusters treated in a H2/N2 mixture (50:50) at 290 °C for 16 h at
20 mL/min increased in size to ~ 3.4 nm, which agrees with our results. HRTEM image for the
commercial catalyst showed that size of Au nanoparticles was 3.05 ± 0.84 nm, which was
smaller than the size of the gold clusters in our catalyst.
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3.3.2 XPS
The XPS spectra obtained for the Au 4f region of Au/TiO2 catalysts (a) before sulfurremoval treatment (2.8 ± 0.59 nm Au clusters), (b) after sulfur-removal treatment (3.9 ± 0.96 nm
Au clusters) and (c) commercial catalyst (3.05 ± 0.84 nm Au clusters) are given in Fig. 3.2. The
results for XPS of our thiol-ligated catalysts before and after the treatment process have been
reported by us previously(Gaur, Miller et al. 2011), and therefore, will not be discussed here in
detail.

(a)

(b)

(c)

Figure 3.2. Au4f spectrum of 0.7% Au/TiO2 for:
commercial catalyst

a) air-dried, b) H2/He treated, and c)

However, one of the major findings from XPS was that, in the H2 –treated catalyst, Au
4f7/2 peaks at 83.4 eV and 85.8 eV were observed which correspond to metallic Au0. This was
also supported by the XPS result of the commercial sample, which possesses a single pair of Au0
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peaks at 83.4 eV (Au 4f7/2) and 87.0 eV (Au 4f5/2). The 85.8 eV peak represents Au(+1)-thiolate
surface interactions. Although the Au is formally in the +1 oxidation state for an Au-SR
interaction, the stronger donor ability of the thiolate group reduces the positive charge to just a
fractional charge.
Compared to bulk gold (Au0 = 83.8 to 84.0 eV),(Bourg, Badia et al. 2000; Chang, Yu et
al. 2005) the metallic Au0 in the air-dried sample and commercial catalysts showed a shift to
lower energy suggesting that a significant fraction of these Au atoms are interacting with the
negatively charged oxygen atoms bound to Ti on the surface. The influence of the negative
charge on the oxygen atoms shifts the Au0 levels up slightly in energy. The fact that there is still
a peak at 85.8 eV indicates that not all the sulfur-containing species have been removed with the
reductive treatment. Another factor that may contribute to the Au peak at 85.8 eV are the Au
atoms located at certain position such as at the edges or corners on the crystalline, faceted
surfaces of the nanoparticles.(Joseph, Besnard et al. 2003) As the Au cluster size increased after
the thermal reduction process, the proportion of these Au atoms decreased, which corresponding
to the decreasing of peak at 85.8 eV in the treated sample. The peak at 85.8 eV was absent in the
case of commercial catalyst, showing the absence of Au(+1) species.
The fraction of Au (+1)-thiolate species, at the gold-support interface, in the air-dried
Au/TiO2 catalyst (11.1 %) is significantly larger than that of the H2- reduced catalyst (1.9 %,
Table 3.1). The XPS indicated that H2 reduction removes most of the thiolate groups, and
converts the formally Au(+1) to Au0 species.
Table 3.1. Atomic ratios (in %) of different Au species to total Au in the Au/TiO2 samples
Au 4f(Au0)
Au 4f (Au-S)
Au+1
BE (eV)
Amount in air-dried cat.
Amount in H2/He treated cat.
Amount in commercial cat.

83.4±.05
0.1
98.1
100
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83.8±.05
88.8
0
0

85.7±.05
11.1
1.9
0

3.3.3 DRIFTS Results
CO adsorption using in situ FTIR (DRIFTS) was used to probe the catalyst surface. The
spectra were collected for two different conditions: 1) CO absorption followed by He flushing at
30 °C and 60 °C, and 2) CO oxidation at 30 °C and at 60 °C for 4 h. During experiments of type
1, CO was adsorbed on the catalyst surface for 5 min and then flushed with He for 10 min.
Results from experiments of type 1 at 30°C and 60°C for reductively-treated Au/TiO2 are shown
in Fig. 3.3.

Figure 3.3. Series spectra for CO adsorption (5% CO/He, 30 mL min-1) for 5 min followed
by He flushing (30 mL min-1) for 10 min for 0.7% thiolate-derived Au/TiO2: a) variation
of linearly adsorbed CO with time at 30 °C, b) formation of surface carbonate species at 30
°C, c) variation of linearly adsorbed CO with time at 60 °C, and d) formation of surface
carbonate species at 60 °C. Gas phase CO has bands at 2111 and 2169 cm -1 (corresponding
to the P and R branches of the rotational pattern).
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Spectra in Fig. 3.3a shows absorption peaks observed at 2111 cm-1 and 2173 cm-1
indicative of linearly adsorbed CO on metallic gold(Denkwitz, Zhao et al. 2007) and on the
titania support.(Raphulu, McPherson et al. 2010) The early stage spectra show absorptions due
to gas phase CO with the P-branch rotation pattern centered at 2111 cm-1 and the R-branch at
2169 cm-1. These generally obscure the weaker metal bound carbonyl absorptions until the CO
is purged from the cell. Similar peaks for CO adsorption on Au were observed by Boccuzzi et al
(Boccuzzi, Chiorino et al. 2000) at 2108 cm-1. Peaks for gaseous CO2 formed were observed at
2340 and 2360 cm-1. These peaks were formed as a result of the environmental CO2 which was
also observed in the background spectrum. In experiments of type 1, peaks for linearly adsorbed
CO and gaseous CO2 increased in intensity at the start of CO flow, and then decreased in
intensity with He purging. Fig 3.3a shows that with CO flow, the peaks corresponding to
linearly adsorbed CO first show a decrease in wavenumbers (red shift; 2111 cm-1 at 0.5 min to
2107 cm-1 at 5 min) and then an increase in wavenumbers with He flushing (blue shift; 2107 cm-1
at 5 min to 2113 cm-1 at 15 min). This is consistent with the results of Overbury and coworkers(Clark, Dai et al. 2007) where they explained this shift as a result of the accumulation of
CO species on clean metallic sites, leading to the formation of dense CO islands at higher CO
coverage resulting in a frequency shift. They also attributed the shift to lower frequencies upon
He flushing due to the desorption of CO from the edges of these islands. We also observed that
with He flushing, the decrease in intensity for the peak due to chemisorbed CO was not as
pronounced as the similar decrease in intensity for peaks of gaseous CO2. This demonstrates that
CO is strongly adsorbed on metallic sites, as expected, and is resistant to He flushing even for
extended times at room temperature.
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Fig. 3.3b shows the formation and increase in intensity of surface species with CO
adsorption and the decrease in their intensity during He purge. Upon CO adsorption, three peaks
were observed at 1673, 1577, and 1418 cm-1, respectively. In a previous study by Bando et al,
(Bando, Sayama et al. 1997) the peak corresponding to 1673 cm-1 was assigned to the formation
of bicarbonates on Cu/TiO2 catalyst and TiO2 support upon CO2 hydrogenation. Based on FT-IR
assignments for molecular carbonate and bicarbonate complexes we also assign these peaks to a
mixture of carbonate and bicarbonate surface species. The 1673 cm-1 peak is most consistent
with a bidentate carbonate species (coordination mode B in Scheme 3.1). Bidentate carbonates
have higher IR frequencies: 1685 to 1662 cm-1 in the Pt(II) complexes Pt(2-CO3)(PR3)2 (PR3 =
PPh3, PEt3, and dppe),(Abram, Belli Dell'Amico et al. 1999) with weaker absorptions at 1636 to
1620 cm-1, and 1438 to 1414 cm-1. Previous authors(Schumacher, Denkwitz et al. 2004) have
assigned some of these bands to monodentate carbonates, but these are extremely rare for
molecular transition metal complexes with only four crystallographically characterized
complexes. Therefore, we do not favor monodentate carbonate assignments.

Scheme 3.1. Carbonate and bicarbonate adsorption modes

In marked contrast, monodentate and bidentate bicarbonates generally have lower
frequencies: Ni(N4)(1-HCO3)2 (1605, 1412 cm-1),(Kim, Cho et al. 2004) HPt(1-HCO3)(PCy3)2
(1620, 1310 cm-1),(Ito, Ebihara et al. 1994) Pt(Ph)(1-HCO3)(PEt3)2 (1615, 1572, 1462, 1417 cm63

1

), Ir(H)(1,2-C6H3-(P(t-Bu)2)2)(2-HCO3) (1580, 1482 cm-1),(Lee, Jensen et al. 2003)

H2Rh(2-HCO3)(PR3)2 (R = i-Pr, 1587, 1338; t-Bu, 1583, 1340; Cy, 1585, 1410, 1340 cm1

).(Yoshida, Thorn et al. 1979) The 1577 cm-1 band, therefore, is consistent with a bicarbonate,

probably coordinated in a bidentate fashion to the metal center, since the monodentate
coordination modes have higher stretching frequencies.
Although the bridging mode C cannot be ruled out for carbonate or bicarbonate species,
it appears that it is not a major contributor. The highest energy IR band does not fit especially
well relative to that seen for the other coordination modes: [Ru2(-CO3)4]2- (1551, 1490, 1246
cm-1),(Lindsay, Wilkinson et al. 1987) Rh2(-CO3)(diprpm)2(CO)2 (1613, 1445 cm-1),(Werner,
Manger et al. 1998) and Ir2(-CO3)(CO)2(dmpm)2 (1602, 1561, 1257 cm-1).(Reinking, Ni et al.
1989)
At 60 °C, there is a gradual decrease in intensity with time for all the adsorbed species
compared to the species at 30 °C. As shown in Fig. 3.3c, with He flushing, the peak intensity of
linearly adsorbed CO on the metallic Au decreased and its characteristic peak (ca. 2100-2110
cm-1) disappeared after 5 min of purging with He.

The peak corresponding to carbonate

coordination (ca. 1673 cm-1) also disappears very quickly upon He purging.
Fig. 3.4 shows the results for experiment of type 1 for commercial catalyst at 30 °C and
at 60 °C, respectively. Linearly adsorbed CO on Au0 was clearly observed at 2105 cm-1 at 30 °C
as shown in Fig. 3.4a. Like our 0.7% thiolate-derived Au/TiO2 catalyst, this catalyst also showed
a red shift (from 2105 cm-1 at 0.5 min to 2102 cm-1 at 5 min) upon flowing CO and then a blue
shift (from 2102 cm-1 at 5 min to 2107 cm-1 at 15 min) upon flushing with He. However, for this
catalyst, the peaks for chemisorbed CO and other surface species were much stronger in intensity
than our catalyst. Fig. 3.4b shows the formation of surface species with CO adsorption and then
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He flushing. Strong peaks were observed at 1666 cm-1 and 1560 cm-1, which can be assigned to
bidentate carbonate and bicarbonate species based on the earlier discussion.

Rasko et al(Raskó

and Kiss 2006), on the other hand assigned the 1666 cm-1 absorption to formates absorbed on
TiO2 for their Au/TiO2 catalyst during CO oxidation.

Figure 3.4. Series spectra for CO adsorption (5% CO/He, 30 mL min-1) for 5 min followed by
He flushing (30 mL min-1) for 10 min for commercial 1.4 % Au/TiO2 catalyst –a) variation of
linearly adsorbed CO with time at 30 °C, b) formation of surface carbonate species at 30 °C, c)
variation of linearly adsorbed CO with time at 60 °C, and d) formation of surface carbonate
species at 60 °C.
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Denkwitz and coworkers(Denkwitz, Zhao et al. 2007) assigned the peak at 1560 cm-1 to
the asymmetric stretch vibration of carboxylates, however, we prefer the bidentate coordination
of bicarbonate based on the molecular complexes discussed earlier. Both these peaks were
highly resistant to He purging at both 30 and 60 °C. Our Au/TiO2 catalyst, on the other hand,
showed a considerably greater loss of the surface-bound carbonate and bicarbonate species at 60
°C, indicating weaker surface bonding and/or more facile fragmentation to CO2.
Fig. 3.5 shows the results from experiments of type 2, where CO oxidation was
performed on our thiolate-derived 0.7% Au/TiO2 at 30 °C for 4h. The peak corresponding to
linearly adsorbed CO on Au0 is visible at all times with higher intensity than the CO gas
absorption bands. Peaks corresponding to gaseous CO2 (2338 and 2360 cm-1) were also present
at all times during the reaction, however, the intensity of these peaks decreased with time.
Several other relatively intense peaks evolved at 1669, 1641, 1563, 1396, 1354, and 1250 cm-1 as
shown in Fig. 3.5b. These correspond to carbonate and bicarbonate species coordinated in a
bidentate fashion (Scheme 3.1, type B bonding). There may also be some monodentate
bicarbonates present and we can’t rule out the presence of small amounts of bridging carbonate
species. It is interesting to note that all these peaks increased in intensity for the first 40-50 min,
and thereafter became constant as shown in Fig. 3.5c.
We assign the intense peak at 1563 cm-1 to a bidentate bicarbonate species on
Au.(Raphulu, McPherson et al. 2010) The assignment of a peak at 1669 cm-1 on Au/TiO2
catalysts for CO oxidation in a H2 rich atmosphere by Behm and co-workers was proposed to be
a bidentate carbonate [(C=O)].(Denkwitz, Schumacher et al. 2009) However, based on the
molecular systems discussed previously, we prefer assigning this peak to a bidentate bicarbonate
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species, although it could also correspond to a bidentate carbonate or bicarbonate on TiO2.(Li,
Huang et al. 1990)

Figure 3.5. CO oxidation on thiolate-derived Au/TiO2 at 30°C: a) temporal variation of peaks,
b) formation of carbonates with time on stream, and c) peak intensity with time on stream

Results from our analysis of Fig. 3.5 showing the peak positions and the corresponding
species are summarized in Table 3.2.
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Table 3.2. Carbonaceous species formed on thiolate-derived 0.7% Au/TiO2 catalyst at 30 °C
and 60 °C as observed in DRIFTS.
0.7% thiolate-derived Au/TiO2
Peak position (cm-1)

Species assignment

1669-1670

Bidentate carbonate on Au

1641, 1612

1563-1568

Monodentate bicarbonate on Au;
Adsorbed H2O
Bidentate bicarbonate on Au;
bidentate carbonate on TiO2

1440

Monodentate bicarbonate on Au

1396

Bidentate carbonate on TiO2

1358-1354

Bidentate bicarbonate on Au

1250

Mono- or bidentate bicarbonate on
Au

Fig. 3.6 shows the results for CO oxidation on 0.7% Au/TiO2 at 60 °C for 4 h. Peaks for
linearly adsorbed CO and gaseous CO2 were observed at 2111 - 2177 cm-1, and 2339 - 2360 cm1

, respectively. Peaks at 1670, 1612, 1568, 1440, 1380, 1358, and 1250 cm-1 were also observed

as shown in Fig. 3.6b. Several of these peaks (1670, 1568, 1358, and 1250 cm-1) were also
observed during experiments on this catalyst at 30°C (Fig. 3.5b). However, some new surface
species corresponding to peaks at 1612 cm-1, 1440 cm-1, 1380 cm-1 were observed at 60 °C
which were not observed at 30 °C. The peak at 1612 cm-1 could be due to the presence of
adsorbed H2O species formed during the reaction.(Denkwitz, Schumacher et al. 2009) This peak
decreased with time as observed earlier by Denkwitz et al.(Denkwitz, Zhao et al. 2007) The
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peaks at 1612 1440, and 1380 cm-1, however, are more likely attributed to the presence of
monodentate bicarbonates that are in the process of decomposing from the surface as
CO2.(Schumacher, Denkwitz et al. 2004) The shifting from bidentate mode to the less stable
monodentate coordination mode should be favored by higher temperatures and is consistent with
the spectral changes.

Figure 3.6. CO oxidation on 0.7% Au/TiO2 at 60°C: a) temporal variation of peaks, b)
formation of carbonates with time on stream, and c) peak intensity with time on stream
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It is important to note that at 60 °C, the intensity of peaks at 1568, 1440, 1380, and 1358
cm-1 always increased with time as compared to all the peaks at 30 °C, which eventually became
constant in intensity with time on stream. By this measure, the amount of carbonate and
especially bicarbonate species formed on the catalyst at 60 °C is greater than that formed at 30
°C. Results from our analysis of Fig. 3.6 showing the peak positions and the corresponding
species are summarized in Table 3.3.
Table 3.3. Carbonaceous species formed on the commercial Au/TiO2 catalyst at 30°C and 60°C
as observed in DRIFTS.
Peak Position (cm-1)

Species Assignment

1718-1716

Bridging CO2 between Au and Ti

1690

Bridging CO2 between two Au centers

1670-1671

Bidentate carbonate on Au

1611, 1606, 1595, 1565

1492, 1490, 1465, 1424

Absorbed water; mono- and bidentate
bicarbonate on Au; bidentate carbonate on Ti
Mono- and bidentate bicarbonate, bidentate
carbonate (Au & Ti)

1358, 1356, 1337

Bidentate bicarbonate (Au & Ti)

1250

Monodentate bicarbonate on Au

Fig. 3.7 shows the results for CO oxidation on commercial catalyst at 30°C. As shown in
Fig. 3.7(a), the peak corresponding to linearly adsorbed CO on metallic Au at 2109 cm-1 was
clearly visible in this catalyst for the entire duration of the FT-IR study. The gas phase CO
bands are much smaller here and do not obscure the Au-CO band.
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Figure 3.7. CO oxidation on 1.4% Au/TiO2 commercial catalyst at 30°C: (a) temporal variation
of peaks, (b) formation of formates, carbonates, and bicarbonates with time on stream, and c)
peak intensity with time on stream.
Like our 0.7% thiolate-derived Au/TiO2, the intensity of the Au-CO peak also decreased
with time on stream. Other surface species were observed in the range 1718-1250 cm-1. In the
spectra shown in Fig. 3.7b, intense peaks appeared at 1718 cm-1 and 1690 cm-1 during all time on
stream. Both of these peaks are proposed to be due to a bridging CO2 with a structure similar to
that shown in Scheme 3.2. The higher frequency peak is proposed to be due to a CO2 bridging
between a Au and Ti center at the gold cluster TiO2 support interface. The stronger interaction
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of the oxygen atom with the oxophillic Ti center should promote a more localized C=O bond and
a somewhat higher frequency for the C=O stretch.

Scheme 3.2. Proposed bridging CO2 coordination modes.
The 1690 cm-1 peak is proposed to be due to a similar CO2-bridged species between two
Au atoms. The weaker Au-O interaction will allow greater -interactions between that oxygen
and the C=O portion of the CO2, resulting in increased delocalization and a somewhat lower
C=O stretching frequency. Precedent for this bridging CO2 structure comes from the molecular
complex Ru2(-2-O=C-O)(CO)4(-R2PN(Et)PR2)2.(Field, Haines et al. 1993) This complex has
the same type of bridging CO2 structure shown in Scheme 3.2, which was crystallographically
characterized and has a C=O stretching frequencies of 1714 (R = OMe) and 1710 cm-1 (R = O-iPr).
This proposed bridging CO2 structure represents a refinement of previous proposals for
the 1718 cm-1 peak being due to CO interacting with either activated oxygen or a hydroxyl
radical.(Li, Zhu et al. 2011) Both of the peaks at 1718 cm-1 and 1690 cm-1 increased in intensity
with time on stream, completely consistent with the ongoing oxidation of CO to CO2. There is a
clear shoulder on the 1690 cm-1 peak at 1670 cm-1, which we believe corresponds to bidentate
carbonate on Au. Peaks below 1670 cm-1 are likely due mainly to bidentate and monodentate
bicarbonate species, respectively, similar to what is observed on the thiolate-derived Au/TiO2
catalyst. Some of these lower energy peaks, however, could be due to the asymmetric mode for
the bridging CO2 species. Based on the growth of the 1718 cm-1 peak with time, the most likely
candidates for the lower energy asymmetric components of the bridging CO2 are the 1492 and
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1356 cm-1 bands. Results from our analysis of Fig. 3.7 showing the peak positions and the
corresponding species are summarized in Table 3.3.
DRIFT spectra for commercial catalyst undergoing CO oxidation at 60 °C is shown in
Fig. 3.8.

Figure 3.8. CO oxidation on 1.4% Au/TiO2 commercial catalyst at 60°C: (a) temporal
variation of peaks, (b) formation of carbonates with time on stream, and c) peak intensity with
time on stream.
In this case also, the peaks for linearly adsorbed CO and twin peaks for gaseous CO 2
were observed at 2109, 2341, and 2361 cm-1 at all times. There is quite a bit of similarity with
the peaks seen for the commercial catalyst at 30 °C [Fig. 3.7b and Table 3.3]. This shows that at
60 °C, the CO-derived species formed on the catalyst surface are identical to those formed at 30
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°C. The intensity of common peaks were higher at 60 °C meaning that the amount of
carbonaceous species formed on the reaction is greater at this temperature.
For the commercial catalyst, the bridging CO2 peaks at 1718 cm-1 and 1690 cm-1
followed the same trend at 30 °C and 60 °C, and increased in intensity with time on stream.
Peaks at 1356 cm-1, 1465 cm-1, and 1433 cm-1 also followed the same increasing trend with time
on stream in both catalysts. These results suggest that the behavior of commercial catalyst does
not differ by a great magnitude at 30 °C and 60 °C.
Fig. 3.9 shows the catalytic activity with time on stream for our 0.7% thiolate-derived
Au/TiO2 catalyst and the commercial 1.4% Au/TiO2 catalyst at 30 °C and 60 °C. Results show
that after a reductive treatment with H2/He resulting in ligand removal, our catalyst showed
lower activity compared to the commercial catalyst at 30 °C and 60 °C. Moreover, the other
important observation was that the turnover frequency of both catalysts at these temperatures
was nearly constant for the duration of the run. The lower activity of our catalyst at both
temperatures can be a result of accumulation of carbonaceous species on the surface. As
observed earlier on Au/TiO2 at 30 °C, Fig. 3.5c, peaks at 1669, 1563, and 1396 cm-1 first
increased in intensity and then became constant with time on stream. On the other hand, the
peaks corresponding to carbonaceous species at 1568, 1440, 1358, and 1380 cm-1 always
increased in intensity with time. These kinetic results combined with the lower activity catalyst
point to the accumulation of carbonate/bicarbonate on Au or the adjacent titania-surface as the
likely reason for lower activity. On the other hand, for the commercial catalyst, peak intensity at
1718, and 1690 cm-1 increased with time but five peaks at 1606, 1356, 1492, 1465, and 1433 cm1

decreased with time.
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Figure 3.9. Turnover frequency for CO oxidation at 30 °C and 60 °C on Au/TiO2 catalysts for
240 min.
For our catalyst, the oxophillic TiO2 surface will strongly bind any bicarbonate or
carbonate species, either through direct interaction with the Ti centers and/or via hydrogen
bonding to the surface oxides. This suggests that the TiO2 surface helps deliver and activate O2
for reaction with the Au-CO species. This also implies that much of the CO oxidation catalysis
is taking place at or near the Au-TiO2 interface where carbonate and bicarbonate species are
formed.
A proposed mechanism for the formation of carbonate and bicarbonate species during CO
oxidation for commercial Au/TiO2 catalyst is shown in Scheme 3.3. O2 is activated on a reduced
Ti(3+) center to form a superoxide complex (Step 1). This is adjacent to an Au-CO species,
which undergoes nucleophillic attack by one of the oxygen atoms of the superoxide to break the
superoxide O-O bond forming the bridging CO2 species and a Ti≡O bond that stabilizes the
oxygen atom transfer to the Au-carbonyl (Step 2). Breaking the Ti-O bond to the bridging CO2
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to form Au-coordinated CO2 (Step 3) could well be the rate determining step in this process and
nicely accounts for the building up of the 1718 cm-1 band in the commercial catalyst over time.

Scheme 3.3. Formation of carbonaceous species on Au/TiO2 catalyst during CO oxidation
Once the CO2 is bound to the Au it can be released. Step 4 represents a stabilization
possibility for the weakly coordinated Au-CO2 to form a bridging interaction with another gold
center. This is based on our assignment of the 1690 cm-1 band in the commercial DRIFTS
spectrum actually being a bridging CO2 between two gold centers. There are no molecular
analogs of this in gold chemistry, but the 1690 cm-1 band is 20 cm-1 greater for a carbonate
complex (far greater for a bicarbonate species), but too low for a formyl species. Step 5
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represents one path to a carbonate species: oxygen transfer from a Ti-superoxide next to a
bridging Au-Au CO2.

Alternatively, one could have reaction of the Ti-superoxide with a

terminal Au-CO2 unit, but one would not expect a simple terminal Au-CO2 species to be stable.
Thus the proposed temporary stabilization of CO2 via a bridging interaction between two Au
centers could play an important role in this reaction.
The other route for forming carbonates and bicarbonates not shown in Scheme 3.3 is to
have CO2 react with H2O on the surface. This could form carbonic acid, H2CO3, which can
readily deprotonate to form the observed bicarbonate surface species seen in the DRIFTS studies.
Alternatively, OH bound to the surface could also react with CO2 to directly form bicarbonates.
Further deprotonation of the bicarbonate would form carbonate species. The surface oxo or
hydroxyl groups on the titania are likely acceptors for any protons produced via these
deprotonation reactions.
The lack of the 1718 cm-1 proposed bridging CO2-Ti-Au band in our thiolate-derived
Au/TiO2 catalyst indicates that there are far fewer Au-CO centers next to TiO2 centers for this
type of Au-Ti bridging CO2 species to occur. This implies an alternate oxygen-atom transfer
mechanism from titania to the gold clusters in our catalyst system. One of the major differences
between our thiolate-derived system and the commercial catalyst is the presence of thiolate or
sulfur linkages between the gold cluster and the titania surface at the key gas-solid interface
region. The reductive H2 treatment is unlikely to remove these particular thiolate groups. The
XPS results demonstrate that 1.9% of the sulfur remains in our catalyst after reductive treatment.
We, therefore, propose that the remaining thiolate groups congregate at the Au-Ti interface and
are quickly oxidized by O2 under oxidative conditions to form sulfonyl (Au-SO2R) or SO3
linkages between the Au and the titania surface. These Au-SO2,3-titania linkages can then act as
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oxygen radical transfer points from activated O2 from the titania surface to the Au cluster as
shown in Scheme 3.4. The movement of oxygen atoms on a titania surface must also occur via a
similar transfer via Ti-O-Ti linkages.

Scheme 3.4. Oxygen transfer via SO3- linkages

The strong dependence of catalyst activity for our thiolate-derived Au/TiO2 catalyst with
temperature points to a higher activation barrier for the rate determining step relative to the
commercial catalyst system that has very similar rates at 30 and 60 °C. One would anticipate
that the oxygen transfer mechanism shown Scheme 3.4 would have a higher activation barrier
than that proposed for the commercial catalyst in Scheme 3.3 (step 2) where oxygen transfer is
stabilized by a bridging CO2 between the Au and Ti centers.
Table 3.4 shows the results from textural measurements and particle size of 0.7%
Au/TiO2 and the commercial 1.4% Au/TiO2 before and after the reaction at 30 °C and 60 °C.
Results show that the catalysts did not sinter during reaction as observed by the size of spent
catalysts in HRTEM. This eliminates the possibility of sintering as a possible cause of catalyst
deactivation. The commercial catalyst showed a higher surface area and pore volume than our
catalyst. In our previous work on Au/TiO2, residual sulfides were detected by EXAFS analysis in
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the H2/He treated catalyst, and this observation was also shown to be confirmed by the results
from XPS.
Table 3.4. Textural and HRTEM measurements on Au catalysts at 30 °C and 60 °C
Sample

0.7% Au/TiO2
(H2-treated)
Commercial
1.4 % Au/TiO2

BET
S.A.
(m2/g)

% Au composition

Particle size (nm)c
After reaction
Before reaction
30 °C
60 °C

Total
pore volume
(cm3/g)

Surfacea

Bulkb

41.9

2.5

0.69

3.92

3.86

3.95

0.20

56.7

5.7

1.4

3.05

3.72

3.63

0.42

a

Calculated from XPS
Calculated from ICP-OES
c Calculated from HRTEM
b

Although the reasons for the relatively lower activity of our thiolate-derived Au/TiO2
catalyst system are not clear, one explanation is that the deactivation is tied into surface
carbonate and bicarbonate species that do not desorb as rapidly as the commercial catalyst. The
DRIFTS measurements clearly demonstrate that there are additional and different surface species
present for the commercial catalyst system, especially those associated with higher energy bands
at 1718 and 1690 cm-1. We assign these to Au-Ti and Au-Au bridging CO2 species not present
to any observable extent in our thiolate-derived Au/TiO2 system. One other mechanism resulting
in the lower activity of our catalysts could be the full oxidation of SOx linking groups leading to
cleavage of the Au-S bonds eventually causing the Au clusters to lose their connectivity to the
TiO2 surface, which is critically important for oxygen atom transfers.

3.4 Conclusions
Thiol-ligated Au38 clusters were successfully prepared in solution and impregnated on
TiO2 to give a Au/TiO2 catalyst, which was later reductively treated to remove most of the thiol
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ligands. The reductive treatment led to an increase in gold cluster size from 1.7 nm ± 0.18 nm to
3.9 ± 0.96 nm. Catalytic activity of our 0.7% Au/TiO2 was tested in a fixed-bed reactor at 30°C
and 60°C and results were compared to a commercially purchased AUROliteTM 1.4% Au/TiO2
catalyst. CO oxidation results on the 0.7% thiolate-derived Au/TiO2 at 30 and 60 °C showed
constant but considerably lower activity for CO oxidation with time compared to the commercial
catalyst. We believe that the lower activity could be caused by the presence of both the residual
sulfides and surface carbonates and bicarbonates that do not desorb as efficiently as the
commercial catalyst. A different oxygen transfer mechanism is proposed to be occurring for our
catalyst via oxidized thiolate linkages to the titania surface compared to the commercial catalyst,
which operates via direct oxygen atom transfer from Ti to Au-CO. Full oxidation of these SOx
linkages during oxidation catalysis would lead to cleavage of the Au-S bonds and loss of close
contact with the TiO2 surface, resulting in far poorer oxygen atom transfers to the Au-CO cluster
surface. This is another possible explanation for the relatively low catalytic activity for our
thiolate-derived Au/TiO2 system.
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CHAPTER 4. CATALYTIC ACTIVITY OF TITANIA-SUPPORTED CORE-SHELL
Fe3O4@AU NANO-CATALYSTS FOR CO OXIDATION
4.1 Introduction
In its bulk state, gold was thought to be catalytically inert (Haruta 1997; Khoudiakov,
Gupta et al. 2005; Wu, Zhang et al. 2009; Tai, Yamaguchi et al. 2010). In the 1980s, however,
Haruta and co-workers discovered that highly dispersed metal-oxide supported Au nanoparticles
(NPs)

have

an

exceptional

activity towards

CO

oxidation,

even

at

sub-ambient

temperatures(Haruta, Yamada et al. 1989; Haruta 1997; Qian, Ming et al. 2006; Wu, Zhang et al.
2009). Since then, supported Au catalysts have drawn the attention of researchers and a number
of gold-based catalysts have been studied extensively, often using the oxidation of CO as a test
reaction. In particular, 2-5 nm Au particles supported on TiO2 have been widely investigated
and reported to be particularly active for CO oxidation(Schumacher, Plzak et al. 2003; Konova,
Naydenov et al. 2004; Venkov, Fajerwerg et al. 2006; Manzoli, Boccuzzi et al. 2007; Long,
Gilbertson et al. 2008).
Despite the numerous reports on Au catalysts for CO oxidation, there appears to be no
general consensus on the fundamental aspects underlying the mechanism. Particularly, it is not
clear whether the activity is correlated with : a) the presence of low coordinated surface metallic
gold sites, b) electronic and chemical changes of the very small metallic particles by the
supports, c) the structural alterations related to the strain of the very small particles that interact
with the support, or d) the special gold sites located at the gold-support boundary(Venkov,
Fajerwerg et al. 2006). Many researchers have reported that Au0 is responsible for the activity
and advocate that metallic gold clusters must be present for the catalyst to be active(Qian, Ming
et al. 2006; Venkov, Fajerwerg et al. 2006; Tai, Yamaguchi et al. 2010), while some researchers
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believe that the cationic species (Au+) serves as the active sites for CO oxidation (Khoudiakov,
Gupta et al. 2005; Venkov, Fajerwerg et al. 2006). However, there does appear to be agreement
that oxygen binding and activation is a critical step for high activity of the Au catalyst(Long,
Gilbertson et al. 2008). For Au-based catalysts to be active for CO oxidation, it has been shown
that the size of Au NPs should be in the range of 2-5 nm (Haruta 2002; Haruta 2004; Hashmi and
Hutchings 2006).
In search of high surface-area catalysts to facilitate the CO oxidation, researchers have
been investigating materials with different shapes and sizes. Very recently, the dumbbell shaped
Au-Fe3O4 NPs supported on TiO2 have been successfully tested as catalysts for CO oxidation
(Yin, Wang et al. 2008). The particle size of Au used for that study was of the order of 2.5-3.5
nm and that of Fe3O4 was 15-16 nm. In such a synthesis approach, the epitaxial growth of Fe3O4
on Au is responsible for the strong interaction between Au and Fe3O4 in dumbbell shaped NPs,
thus forming catalysts with very high surface area(Yin, Wang et al. 2008), as shown in Scheme
4.1.

Au
Fe3O4

TiO2
Scheme 4.1. Au-Fe3O4 dumbell shaped NPs supported on TiO2
Such a growth also limits sintering of Au catalysts.(Wu, Zhang et al. 2009) By using
Raman spectroscopy and synchrotron radiation-based X-ray absorption spectroscopy, Carrettin
and co-workers demonstrated that a combination of Fe and Au on a TiO2 support leads to higher
catalytic activity.(Carrettin, Hao et al. 2007) The authors attributed this effect to the enhanced
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formation of oxygen defect sites, which in turn leads to the formation of very reactive peroxide
and superoxides, leading to higher catalytic activity of such Au-Fe based catalysts for CO
oxidation. Yet another study demonstrates that primarily about 0.5-nm bilayer Au clusters on
FeOx supports are active for CO oxidation.(Herzing, Kiely et al. 2008) It also appears that strong
electrophillic interaction between the Fe3O4 and the Au shell is one of the key aspects which may
make the Au coated on superparamagnetic ironoxide nanoparticles (SPIONs) of particular
interest for catalysis. These prior investigations led us to hypothesize that a bilayer Au atomic
shell around iron oxide core supported on titania may lead to a better catalytic design for gold
catalysed CO oxidation.
Here, we report the catalytic activity of core-shell type Fe3O4@Au NPs supported
on TiO2 for CO oxidation. To the best of our knowledge, this is the first study of such catalysts
for CO oxidation. The strong electrophilic interaction between the Fe3O4 and the Au shell is one
of the key aspects which make these SPIONs@Au NPs of particular interest for catalysis (Wang,
Park et al. 2008). These magnetic NPs can also be synthesized using other methods such as wet
chemical reduction,(Lo, Xiao et al. 2007) laser ablation,(Kawaguchi, Jaworski et al. 2007)
electrostatic deposition, (Spasova, Salgueirino-Maceira et al. 2005) and gamma-ray
radiation(Kinoshita, Seino et al. 2005).
The Fe3O4@Au NPs were synthesized first as described by us earlier, (Kumar and
Mohammad 2010; Mohammad, Balaji et al. 2010) by modifying a previously reported method
(WangWang, Luo et al. 2005). Further, these Fe3O4@Au NPs were supported onto the TiO2 by
incipient wet impregnation to form the Fe3O4@Au/TiO2 catalysts. The Au/Fe3O4/TiO2 catalysts
were then pretreated in situ in an oxidative and a reductive environment at temperatures of 200
°C, 300 °C, 400 °C, and 500 °C, respectively, before undergoing CO oxidation. Fresh and
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calcined catalysts were characterized by HRTEM, XPS, XRD, and FTIR.

Finally, we

demonstrate that the catalyst treated at 500 °C in H2/Ar shows highest activity compared to
catalysts undergoing other treatments, and this higher activity has been anticipated due to the
removal of organic ligands from the surface of catalyst and the stronger Au-Fe interfacial
interaction.
4.2 Experimental
4.2.1 Catalyst Preparation
Briefly, 0.71 g of iron acetylacetonate was mixed with 20 mL of phenyl ether, 2 mL of
oleic acid and 2 mL of oleylamine under inert atmosphere with vigorous stirring. 2.58 g of 1,2
hexadecanediol was added to the solution. The solution was heated to around 210 °C with reflux
for 2 h maintaining oxygen free conditions. The reaction mixture was cooled to room
temperature and then ethanol (degassed) was added to precipitate the black colored product. The
precipitate was separated out by centrifugation. The precipitated product was then washed with a
series of solvents starting with hexane, followed by a mixture of hexane and ethanol and then
finally with ethanol. The product was dispersed in ethanol and separated magnetically and dried
to obtain a black colored powder which could be well dispersed in toluene. To 10 mL of phenyl
ether, approximately 0.5 g of SPIONs was added. To this mixture, a solution containing 30 mL
of phenyl ether, 3.1 g of 1,2-hexadecanediol, 0.5 mL of oleic acid, 3 mL of oleylamine and 0.83
g of gold acetate was added under inert atmosphere. The reaction mixture was heated to around
190 °C with reflux for about 1.5 h. After cooling to room temperature, ethanol was added and the
dark purple material was separated out by centrifugation. The material was re-suspended in
hexane, washed thrice with ethanol and dried. With the help of magnetic separation technique,
by suspending the particles in ethanol, the magnetic gold-coated iron oxide NPs were separated
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from the non-magnetic gold NPs and any unwanted carbon mass produced from oleic
acid/oleylamine used during the course of the reaction.
4.2.2 Catalyst Characterization
4.2.2.1 High-Resolution Transmission Electron Microscopy
The size of the Fe3O4@Au clusters and supported Fe3O4@Au/TiO2 catalysts was
determined by HRTEM using a FEI Technai F30 microscope with an accelerating voltage of 300
keV. Au clusters supported on TiO2 were first dispersed in ethanol with ultrasonication and later
drop-casted onto a 200 mesh copper grid. The grid was air-dried for 24 h prior to imaging.
4.2.2.2 Temperature-Programmed Reduction (TPR)

To determine the reducible metal(s) in the catalyst, TPR was performed in an AMI
200HP (Altamira instruments, Pittsburgh, PA) fixed-bed reactor. Briefly, about 100 mg of
catalyst was loaded in a 6 mm ID quartz tube. Catalysts were packed and held in the tube by
quartz wool plugs. A thermocouple was inserted as close as possible to the catalyst bed to
measure and control the bed temperature. Before starting the experiment, all the catalysts were
pretreated with a mixture of 10% O2/He flowing at 30 mL min-1. The temperature was ramped
from ambient (∼35 °C) to 700 °C at a rate of 10 °C/min. This was done to ensure that any
residual carbon species from synthesis were oxidized prior to the reaction. After this step, the
catalyst was exposed to He and the temperature was lowered to ambient and maintained at this
temperature for 30 min. Then, a mixture of 10% H2/Ar was passed over the catalyst with a flow
rate of 30 mL min-1. The temperature was ramped from ambient to 700 °C with a rate of
5 °C/min. After the run, amount of H2 consumed (TCD signal) was plotted as a function of
temperature.The amount of metal reduced in the catalyst was quantified using a known
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calibration standard-silver oxide (Ag2O). A known quantity of Ag2O was reduced under similar
conditions as the catalysts. From stoichiometric calculations, the amount of H2 required for
reduction of the given amount of Ag2O was determined. Repeating TPR of the Ag2O standard
gave a calibration curve relating the area under the TPR peak to the H2 consumption. The area
under the TPR peak of the catalyst was related to the H2 uptake by that catalyst during TPR.

4.2.2.3 X-ray Powder Diffraction (XRD)
For SPIONs@Au, the XRD patterns were recorded on a Bruker-Siemens D5000
automated powder diffractometer using Cu K radiation. The data were collected from 20-80°
degrees in 2 at a scan rate of 0.06° per step.
XRD studies of the Fe3O4@Au/TiO2 catalyst were carried out in the same system as
described above. The analyses were performed with 2θ ranging from 10º to 90º and a step size of
0.020º/min. The anti-scatter slit was set at 0.5º and the divergence slit were set at 1º. The ceramic
tube with CuKα radiation (λ = 1.54184 Å) was set up to operate at a voltage of 40 kV and a
current of 30 mA. To identify the diffraction peaks, Jade (version 9.0) was used.
4.2.2.4 X-ray photoelectron spectroscopy (XPS)
To determine the oxidation states of the active metal in the catalyst, XPS studies were
carried out on fresh and pretreated catalyst. A Kratos-Axis 165 X-ray photoelectron spectrometer
was used with an Al Kα radiation (1486.6 eV) which was operated at 15 kV and 10 mA. The
base pressure of the UHV analysis chamber was maintained at 10-9 torr to allow high quality
spectra. For XPS measurement, the pass energy of the analyzer was fixed at 40 eV for high
resolution scanning. The adventitious C 1s signal, taken as 284.8 eV, was used as a reference for
the XPS data.
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4.2.2.5. Fourier Transformation-Infrared (FTIR) Studies
Ex situ FTIR studies were performed on the fresh and treated catalysts in the Attenuated
Total Reflectance (ATR) mode in a Thermo Nicolet 6700 FTIR spectrometer. Background
spectrum was collected on TiO2 support and all the spectra collected on the catalyst surface were
referenced to that background spectrum. Each spectrum was taken at a resolution of 4 cm-1 and
nearly 64 scans were accumulated for recording an individual spectrum.
4.2.3 Kinetic Activity
Catalytic activity was measured in an AMI-200 catalyst characterization system
(Altamira Instruments, Pittsburg, PA) equipped with a fixed bed quartz U-tube reactor, inner
diameter of 5 mm. For measuring the activity, 30 mg of catalyst was held between quartz wool
plugs inside the U-tube. Stability data were collected at integral conditions and the activity was
typically measured after about 10 min from the start of the reaction. Prior to the reaction, the
catalyst was pretreated in situ with 5 % O2/He at 50 mL min-1 and 10 % H2/Ar at 50 mL min-1 at
200 °C, 300 °C, 400 °C, and 500 °C, respectively, for each gas. Before any pretreatment, He was
flown at 31 mL min-1 for about 30 min at 200 °C to remove any moisture. Thereafter, the catalyst
was brought to the desired pretreatment temperature under He flow, with a temperature ramp rate
of 20 °C /min. After this step, as described above, the catalyst was given either a reductive
pretreatment (with H2/Ar) or an oxidative pretreatment (with O2/He) for 75 min to remove the
organic ligands. After the treatment, the catalyst was cooled down to the desired reaction
temperature under He and the reactants, 5 % CO/He and 5 % O2/He (both at 10 mL min-1) along
with pure He (flowing at 31 mL min-1) were introduced in the reactor. The composition of the
gases were 1 % O2, 1 % CO, and 98 % He with a space velocity of 102,000 mL min-1 (g cat)-1.
All gases were supplied by Airgas and were 99.99 % pure. The catalyst stability was monitored
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continuously with time on stream (TOS) for 5 h. Concentration of the effluent gases from the
reactor was determined using an online mass-spectrometer (Dycor ProMaxion, Ametek Process
Instruments).
4.3 Results and Discussion
4.3.1 HRTEM Imaging of Catalysts
To confirm the core-shell structure of the NPs and the supported catalysts, the samples
were examined by HRTEM. Panels a -d of Figure 4.1 show the HRTEM image and the particle
size distribution of the Fe3O4@Au NPs, respectively.

Figure 4.1. HRTEM image of (a)Fe3O4@Au NPs, (b) particle size distribution of the Fe3O4@Au
NPs, (c) freshly prepared Fe3O4@Au/TiO2 catalysts, and (d) particle size distribution of the
Fe3O4@Au/TiO2 catalysts.
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The core and the shell structure can be seen clearly. The particle size of unsupported NPs
was found to be around 5.34 ± 0.71 nm, with a core of about 4.9 nm and shell thickness of about
0.5 nm. The ~0.5 nm Au shell thickness corresponds to the formation of bilayer of Au onto the
core, since the atomic diameter of Au is 0.288 nm. Figure 4.1c shows the HRTEM image of the
Fe3O4@Au NPs supported on TiO2, and Figure 4.1d shows the particle size distribution of these
Fe3O4@Au/TiO2 catalysts. The particle size of TiO2-supported Fe3O4@Au NPs was determined
to be about 5.96 ± 0.71 nm.
4.3.2 TPR Profile of Catalysts
The TPR spectrum for the fresh Fe3O4@Au/TiO2 catalyst is shown in Fig. 4.2. The TPR
spectra can be deconvoluted into five peaks at 292, 328, 375, 429, and 491 °C. The area under
each peak was quantified to determine the amount of H2 consumed in the reduction process.

Figure 4.2. TPR profile for a freshly synthesized Fe3O4@Au/TiO2 catalyst
89

Peaks at 292 °C and 328 °C could be due to the reduction of Au(+3) to metallic Au. This
assignment is based on the previous studies where peak between 105-300 °C have been assigned
to the reduction of Au(+3) to Au (Venugopal, Aluha et al. 2003). More specifically, the first
peak at 292 °C could be attributed to the presence of Au(+3) state of Au present in Au2O3.
HAuCl3. Peak for Au(+3) corresponding to HAuCl3 was reported at 554K (281 °C), (Neri, Visco
et al. 1999) however, for our catalyst this peak could have shifted due to a strong Au-Fe
interaction in the core-shell nanoparticles. The data showing the amount of H2 consumed for
each peak is summarized in Table 4.1.
Table 4.1. Amount of H2 consumed for peaks shown in Fig. 4.2 during TPR
Peak #
Amount of H2 consumed
Assignment
(moles H2)
1 (292 °C)
0.027
Reduction of Au3+ → Au
2 (328 °C)
0.104
Reduction of Au3+ → Au
3 (375 °C)
0.199
Reduction of Fe2O3 → Fe3O4
4 (429 °C)
0.345
Reduction of Fe3O4 → FeO
5 (491 °C)
0.149
Reduction of Fe3O4 → Fe
In general, the Fe reduction behaviour takes place as follows:
Fe2O3→Fe3O4→ FeO→Fe

(1)

It was anticipated (Jozwiak, Kaczmarek et al. 2007) that during such a process, a further
disproportionation reaction leading to the formation of magnetite can also take place as follows:
4FeO ↔ Fe + Fe3O4

(2)

The peak at 375 °C can be assigned to the reduction of Fe2O3 to Fe3O4, which is based on
a previous study. Another peak at 429 °C could be due to the reduction of Fe3O4 to FeO. This is
based on an earlier assignment made by Tavasoli et al.,(Tavasoli, Trépanier et al. 2009) where a
peak at 414 °C was attributed to the reduction of magnetite to zincite in a Fe/CNT catalyst.
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Although FeO is a metastable species at temperatures below 575 °C (Halawy, Al-Shihry et al.
1997), this phase may be stable on a TiO2 support; an analogy which can be drawn based on the
results of Wan et al,(Wan, Wu et al. 2007) who proposed the formation of FeO from Fe3O4 in
their TPR experiments on Fe/Al2O3 catalyst.
The fifth peak at 491 °C could well be due to the direct reduction of Fe3O4 to Fe
according to:
Fe3O4 + 4H2 → 3Fe + 4H2O

(3)

This was also observed in a previous report by Lin et al. in a study consisting of the
reduction of iron oxide with hydrogen. (Lin, Chen et al. 2003).
4.3.3 XRD Spectra of Catalysts
The XRD results for Fe3O4 and Fe3O4 @Au NPs are shown in Fig. 4.3. The pattern for
Fe3O4 showed the diffraction peaks at 2θ = 30.1°, 35.1°, 42.5°, 52.7°, 56.5°, 62.1° and 70.5°
which can be indexed to (220), (311), (422), (440), (400), (333) and (620), respectively.

Figure 4.3. XRD spectra of Fe3O4@Au and Fe3O4 nanoparticles
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For Fe3O4@Au NPs, the diffraction peaks are at 2θ = 44.4°, 51.9°, and 77.5° can be
indexed to (200), (220), and (311), respectively, and these peaks correspond to the planes of gold
in a cubic phase(WangWang, Luo et al. 2005).
The diffraction patterns do not show magnetite (Fe3O4) diffraction peaks for Fe3O4@Au
NPs. The most probable reason for this is the heavy atom effect from gold, a phenomenon in
which gold peaks mask Fe3O4 peaks by covering its core (Teng, Black et al. 2003; WangWang,
Luo et al. 2005). Fig. 4.4 shows the XRD spectra for Fe3O4@Au/TiO2 catalysts pretreated in
O2/He at 200°, 300°, 400°, and 500 °C, respectively. For each spectrum, peaks for crystalline Au
and Fe3O4 could be observed.

Figure 4.4. XRD for the fresh catalyst and the catalyst pretreated in O2/He at different
temperatures

Apart from these, peaks from TiO2 support could also be seen, which are attributed to the
presence of rutile and anatase phases, respectively. Specifically, peaks for gold could only be
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observed at 2θ = 38.1°, 44.4°, and 77.5°, respectively, however, the peak intensity was not very
pronounced. At 400 ºC and 500 ºC, these peaks become comparatively more pronounced,
indicating that gold becomes more crystalline after treatment at these high temperatures. Peaks
for anatase (2θ = 25.3°, 37.8°, 48.0°, 55.1°,75.0°, and 82.6°) and rutile phases (2θ = 27.4°,
36.1°, 54.3°, 62.7°, and 69°) are present in all the samples. However, some of these mask the
peaks corresponding to gold. For instance, the gold peak at 2θ = 38.1° (the 100 % peak) is partly
masked by the strong anatase peak (2θ = 37.8°). The peaks at 2θ = 77.5° (the 36 % peak for
gold) and 2θ = 64.5 (the 32 % peak) could be seen only for the catalyst pretreated at 400 ºC and
500 ºC. Peaks due to the presence of Fe3O4 could be noticed at 2θ = 38.1° and 55.6°, however,
the intensity of these peaks were also low, as expected.
Fig. 4.5 shows the XRD spectra for catalyst pretreated in H2/Ar at various temperatures.

Figure 4.5. XRD for the fresh catalyst and the catalyst pretreated in H2/Ar at different
temperatures
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As observed earlier in Fig. 4.4, peaks for crystalline Au, rutile and anatase phases are
observed in all spectra.The 2θ = 44.4° peak for gold was also observed, but it was weaker than
for the oxygen pretreated catalyst corresponding to the same pretreatment temperature. This peak
did not increase with increasing pretreatment temperature, unlike the effect observed earlier in
O2/He treated catalysts. The small gold peak at 2θ = 77.5° could only be seen in the sample
pretreated at 500 °C. Peaks corresponding to Fe3O4 (2θ = 55.6°) was observed in all the samples.
4.3.4 XPS
The surface composition of the fresh and the pretreated catalysts were analysed by XPS,
and results are summarized in Fig. 4.6. Panel a in Figure 4.6 shows the Au 4f spectra for the
fresh and hydrogen pretreated catalysts, while panel b shows the Au 4f spectra of fresh and
oxygen pretreated catalysts. As shown in Fig. 4.6a, the Au 4f7/2 peak with binding energy of 83.5
± 0.19 eV was detected in all the samples, suggesting the presence of metallic Au in the fresh
and the hydrogen pretreated catalysts. (Somodi, Borbáth et al. 2008), (Schumacher, Plzak et al.
2005) The metallic state of gold was also detected on the fresh Fe3O4@Au nanoparticles in a
previous study by Xie et al. (Xie, Zhen et al. 2010), meaning that the as-synthesized particles are
metallic in nature. For the oxygen treated catalysts, peaks for Au 4f7/2 shifted by +0.4 eV
showing binding energy of 83.9 ± 0.21 eV, showing the presence of a partial positive charge on
Au (Auδ+). Presence of Au+1 can be ruled out since the peak for +1 state is usually observed at
84.6 eV. Panels (c) and (d) in Figure 4.6 shows the Fe 2p spectra of catalyst treated with H2/Ar
and O2/He. In panel 6(c), peaks corresponding to Fe 2p3/2 were detected at BE of 710.2 ± 0.9 eV.
Peaks at binding energy 710-711.6 eV (Fe 2p3/2) indicates that iron is in the form of Fe3O4 in all
of the samples(Pan, Zhang et al. 2005). The absence of a satellite around 719 eV also is in good
agreement with the presence of Fe3O4 (Pan, Zhang et al. 2005). However, the peak at 709.7 eV in
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samples treated with H2/Ar was also detected. This peak is indicative of the co-presence of Fe2+
phase in the samples treated with H2/Ar.

Figure 4.6. XPS spectrum for Au 4f region for catalyst treated at various temperatures with (a)
H2/Ar and (b) O2/He, and spectrum for Fe 2p region for catalyst treated with (c) H2/Ar and (d)
O2/He.

Of particular importance in the Au 4f and Fe 2p spectra of reductively and oxidative
treated catalysts is the peak intensity at various temperatures. The peak intensity is low for fresh
catalyst, and it increases with the rise in pretreatment temperature. The weak signal observed in
fresh catalyst is probably due to the fact that the Au and Fe phases became more crystalline with
higher treatment temperature.

The increasing intensity of the peaks with pretreatment
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temperature shows that the amount of Au and Fe accessible to X-rays increases as a function of
pretreatment temperature due to the removal of organic capping ligands from the surface of the
catalyst.
4.3.5. FTIR Results
Characterization results from IR after the catalyst was treated with with H2/Ar or O2/He
at various temperatures are shown in Fig. 4.7. Panel (a) of Figure 4.7 shows the results from ex
situ IR of catalyst treated with H2/Ar.

Figure 4.7. IR spectrum of (a) catalyst treated with H2/Ar, and (b) catalyst treated with O2/He at
200, 300, 400, and 500 °C, respectively. For comparison, the spectra of fresh (untreated) catalyst
is also shown in the panels

Bands at different positions were observed on the fresh catalyst. Particularly, strong
bands at 2924 and 2853 cm-1 can be attributed to the alkyl chains corresponding to the
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oleylamine analogues (Dallas, Bourlinos et al. 2007). More specifically, these peaks correspond
to the asymmetric and symmetric vibration mode of CH2 in the alkyl chains(Lattuada and Hatton
2006). Several other peaks in the 1800-1200 cm-1 region were also observed. Particularly, strong
features at 1738, 1712, 1464, and 1411 cm-1 were also observed.
While peaks near 1400 cm-1 have been attributed to the vibration of alkyl groups, peaks
near 1800 cm-1 have been attributed to the vibrations of carboxyl (and amino groups).(Lattuada
and Hatton 2006) In our case, intense peaks at 1738 and 1712 cm-1 can be attributed to the
presence of stretching vibration mode of C=O.(Si, Kotal et al. 2004; Wu, He et al. 2011)
Furthermore, peaks at 1464 and 1411 cm-1 can be assigned to the presence of C-N stretching
vibration mode of –N(CH3)2 group (Zhao, Nie et al. 2010) and COO- symmetric vibration mode
of oleic acid or oleylamine complexes, as observed earlier by Wu et al.(Wu, He et al. 2011) on
their Fe3O4 nanoparticles. The peak at 1261 cm-1 corresponds to the C-N band, which is present
due to the usage of oleylamine during the synthesis protocol. It can be noticed that upon H2
treatment at 200 °C, there is little/no change in the intensity of peaks present on the surface of
the catalyst. However, upon further treatment at 300 °C, peaks in the 3000-2800 cm-1 decreased
instantaneously indicating the removal of the alkyl components in that region. The catalyst
treated at 500 °C in H2/Ar exhibited minimal/no presence of surface complexes.
Results shown in the IR spectra for catalyst treated with O2/He are shown in panel (b) of
Figure 4.7. It was observed that even after a treatment at 500 °C, the surface complexes could not
be removed completely. This is clearly obvious from the presence of minute peaks in the 30002800 cm-1 region which were visible even after a 500 °C treatment with O2/He, but those peaks
were certainly not observed earlier in the treatment involving H2/Ar at same temperature (500
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°C). All these results point out to the superiority of H2 treatment in removing the ligands from
the surface of the catalyst.
4.3.6 Kinetics
Figure 4.8 shows the conversion of CO as a function of temperature for the oxygen
pretreated catalysts.

Figure 4.8. Reactant conversion plotted as a function of temperature for the oxygen pretreated
catalysts. For comparison, the activity of the fresh catalyst is also shown in the same curve.
Conditions: 1%O2, 1%CO, 98% He; total flow rate = 51 mL/min; space velocity =102,000 mL
min-1 (g cat)-1; P =1 atm
The fresh catalyst showed no activity until the bed temperature reaches above 200 ºC.
The highest conversion reached on the fresh catalyst was about 26% at a bed temperature of 450
ºC, which remained constant after this temperature. The catalyst pretreated in O2/He at 200 ºC
showed some activity at 30 ºC, with a conversion of about 3 %. The conversion then increases up
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to around 9 % at 120 ºC and thereafter decreases when the temperature was between 135 ºC and
230 ºC. After 230 ºC, the conversion again increases to about 25 % at 500 ºC.
The catalyst pretreated in O2/He at 400 ºC and 500 ºC both showed higher conversion
than the catalyst treated at 300 ºC and 400 ºC, with conversion of ca. 8 % at the beginning of the
run. However, the catalyst treated at 500 ºC showed higher activity than the one treated at 400
ºC. The highest conversion recorded with the catalyst treated with O2/He at 400 ºC was 37% at
500 ºC. On the other hand, the catalyst which was treated with O2/He at 500 ºC showed an
increasing conversion reaching ~50% at 500 ºC, showing that a pretreatment at 500 ºC was
effective in activating the catalyst.
Results showing the activity of Fe3O4@Au/TiO2 catalysts treated with H2/Ar are shown
in Fig. 4.9.

Figure 4.9. Reactant conversion plotted as a function of temperature for the hydrogen pretreated
catalysts. For comparison, the activity of the fresh catalyst is also shown in the same curve.
Conditions: 1%O2, 1%CO, 98% He; total flow rate = 51 mL/min; space velocity =102,000 mL
min-1 (g cat)-1; P =1 atm
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On the catalysts which were treated with H2/Ar at 200, and 300 ºC, final conversion at a
bed temperature of 500 °C was below 35%, an observation which was similar to the one
observed for O2/He treated catalysts at these temperatures. Light-off temperature for the catalysts
treated at these two temperatures was similar (~258 ºC), showing that H2 treatment at 200 and
300 ºC did not have a pronounced effect on the catalytic activity.
On the other hand, the catalyst treated at 400 and 500 ºC with H2/Ar showed higher
activity than the catalysts treated with O2/He at these same temperatures. More specifically, the
catalyst treated at 400 ºC showed conversion of ~54% at 500 ºC. Meanwhile, the catalyst
pretreated at 500 ºC showed highest conversion (~ 68%) among all the catalysts at 300 ºC after
which it remained constant.
It is therefore evident that pretreatment temperature and gas environment did have a
pronounced effect on the activity of the catalysts studied here. It is also important to note that the
higher catalytic activity obtained with higher pretreatment temperatures could be due to the
removal of residual capping ligands which were present as oleic acid and oleylamine. These
organic compounds hinder the activity of catalysts which is also the reason why the fresh and
untreated catalysts did not show any activity below 200 ºC. Although the pretreatment with
H2/Ar at 500 ºC seemed effective in removing these ligands, it also sintered the catalyst to a size
of 7.87 ± 1.59 nm. Treatment with H2 was apparently more destructive than the corresponding
treatment with O2 as evident from the net increase in size of the catalysts with temperatures
under these gases (average particle size of catalyst pretreated with H2/Ar at 500 °C was 7.87 ±
1.59 nm compared to 6.11 ± 0.89 nm for the sample pretreated with O2/He at 500 °C). However,
we believe that, the higher catalytic activity of the catalyst treated with H2/Ar at 500 °C is due to:
(a) the removal of capping ligands, and (b) the presence of metallic Au as the active phase in the
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catalyst during CO oxidation. Although we do not have any direct evidence, but the possibility of
a greater synergism between Au and Fe after reductively treating the catalyst at higher
temperature cannot be ruled-out here(Carrettin, Hao et al. 2007; Moreau and Bond 2007;
Herzing, Kiely et al. 2008). Moreover, the higher turnover frequency observed (see Appendix
B3) for the catalyst treated with H2/Ar at 500 °C also points out to the superiority of this
pretreatment, leading to the higher catalytic activity.
4.4 Conclusions
Fe3O4@Au core-shell NPs supported on TiO2 were synthesized and characterized by
HRTEM, TPR, XPS, and XRD. Results from HRTEM suggested that the size of freshly prepared
catalyst was 5.96 ± 0.71 nm. These catalysts were studied for the oxidation of CO with respect to
the effectiveness of different pretreatment methods with O2 and H2 at 200, 300, 400, and 500 ºC,
respectively. Among all the pretreatments, with H2/Ar at 500 °C was most effective in activating
the catalyst giving a conversion of ~68% at 500 ºC. Higher activity of the catalyst treated with
H2 at 500 ºC is attributed to 1) the presence of metallic Au and Fe during the reaction, and 2) the
removal of organic capping agent from the catalyst surface. While we do not have direct
evidence, we can also assume, based on the prior literature that the enhanced catalytic activity is
also possibly due to synergistic interaction between Au and Fe.
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CHAPTER 5. CONCLUSIONS AND FUTURE WORK
5.1 Conclusion
In this dissertation, is has been shown that synthesis of size-defined and thiol-ligated Au
clusters is a means to systematically study the distinct quantum confinement effects and catalytic
behavior associated with Au clusters with core diameters less than 2-4 nm. These clusters exhibit
distinct electronic structure and molecular type properties such as HOMO-LUMO transitions and
intrinsic magnetism. Such properties may have an interesting effect on the catalytic properties of
these clusters. We have modified the “thiol-etching” approach for the synthesis of
thermodynamically-stable Au38 clusters in solution and characterized them with HRTEM,
MALDI, FTIR, XANES, and EXAFS. Removal of the ligands after these clusters are
synthesized in solution and supported on an oxide is a key step in the preparation of an active
catalyst. In this dissertation, we also demonstrated that the ligands can be mostly removed by H2
treatment, resulting in a catalyst that is active for CO oxidation. Using advanced material
characterization tool such as synchrotron radiation-based EXAFS, we have shown that the
residual ligands attached to the catalyst are present as sulfides, where they interact with Au at the
Au/TiO2 interface. Therefore, the interfacial or peripheral sites were shown to have an influence
towards CO oxidation properties of Au/TiO2 catalysts. These results are intended to provide
researchers with a synthesis process for further investigation of catalysis by atomicallycontrolled metal clusters, and effects of cluster size on catalytic activity. Moreover, due to
predefined shape and size, these catalysts can also be modeled computationally (using DFT) thus
providing a means to integrate experimental and computational results.
It was also interesting to observe the differences in mechanisms observed for a
commercially purchased Au/TiO2 catalyst, and a thiolate-derived Au/TiO2 catalyst which was
synthesized in our lab. We observed that our catalyst showed lower TOF at 30 °C; however it
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showed higher TOF at 60 °C compared to the commercial catalyst. We believe that the
deactivation in our catalyst at 30 °C could be caused by the presence of surface carbonates and
bicarbonates that do not desorb as efficiently as the commercial catalyst. A different oxygen
transfer mechanism is proposed to be occurring for our catalyst via oxidized thiolate linkages to
the titania surface compared to the commercial catalyst, which operates via direct oxygen atom
transfer from Ti to Au-CO. Full oxidation of these SOx linkages during oxidation catalysis
would lead to cleavage of the Au-S bonds and loss of close contact with the TiO2 surface,
resulting in far poorer oxygen atom transfers to the Au-CO cluster surface.

Another aspect of this dissertation was the demonstration of CO oxidation catalysis by
titania-supported Fe3O4@Au core shell nanoparticles with two atomic layers of gold coated on
superparamagnetic Fe3O4 core. In the catalysis community, bimetallic nanoparticles (alloy or coreshell type structures) have received great interest since they exhibit improved properties compared to
monometallic nanoparticles. Core–shell nanoparticles, especially those with gold nano-shells, are
very interesting due to their potential applications in various fields and are especially anticipated to
have unique catalytic applications. In the work presented in this dissertation, we showed that coreshell type nano-gold catalysts are better suited compared to pure gold nanoparticles for
heterogeneous gas phase catalysis taking CO oxidation as an example. By conducting comprehensive
experiments towards understanding CO oxidation catalysis using X-ray photoelectron spectroscopy,
infrared spectroscopy, and temperature programmed reduction, we showed that the enhanced
catalytic activity is due to a combination of factors ranging from synergistic interaction between Au
and Fe, complete removal of organic capping ligands and the presence of metallic gold (Au 0) in the
active catalyst. We believe that our results are of significant interest to researchers from a broad
range of fields including nanotechnologies, physical chemistry, materials science, catalysis and
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engineering. Furthermore, these our research on core-shell nanoparticles will open doors to such
specialized class of materials to be studied more extensively by the researchers in the catalysis
community.

5.2 Future Work
There are several ways that future research can extend this dissertation research:
1. Synthesis, characterization, and activity testing of atomically-precise Aun clusters using
principles of wet-chemistry in a flask based method. Although a lot of work has focused on
the synthesis of Aun clusters, the potential application of these materials as catalysts has been
overlooked. Therefore, the first and foremost extension of this work in the near future would
be the synthesis of size-defined clusters, and then the demonstration of a “structure-sizeactiviy” relation for those clusters for either a gas-phase, or a liquid-phase reaction. Similar
work was performed by Wayne Goodman and co-workers(Valden, Lai et al. 1998) on planar
model Au catalysts supported on single crystalline titania surface as shown below in Fig. 6.1.

Figure 6.1. Turnover frequency variation as a function of Au clusters sizes for CO oxidation
on a model Au/TiO2 catalyst at 300 K.
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More research efforts can be directed towards synthesizing Aun clusters with ligands which
bind less strongly to the central Au core. For example, in a very recent study conducted by
Nie et al. (Nie, Qian et al. 2012), thiolate protected Au25(SR)18 (Ris CH2CH2Ph)clusters were
synthesized and supported on TiO2, CeO2, and Fe2O3, respectively. The authors claimed that
after an oxidative treatment of such supported clusters at temperatures below 200 °C, the
catalysts were active for CO oxidation. These results point out to the usage of such clusterderived catalysts in the determination of a structure-size-activity relationship for CO oxidation
in the future.
2. In-situ X-ray absorption spectroscopy of Au/TiO2 catalysts for CO oxidation. Since Au
represents a system with partially filled orbitals (Xe 4f14 5d10 6s1), in situ XANES can prove
to be an extremely useful tool for probing the activation of reactants on the surface of the
catalyst. In small nanoparticles (~ 2 nm), the d-band is ~ 2 eV below the Fermi level. Upon
interaction of the d-band electrons with the reactant gases, a d-band depletion was observed
and such a depletion was attributed to the back-bonding of these d-band electrons to 2π*
molecular orbitals of CO or O2. This change can be observed, and is directly related to the
intensity of Au whiteline. Higher whiteline intensity is directly related to the number of holes
in the d-band. However, on thiol-ligated Au clusters and catalysts, the phenomena of electron
transfer can be hindered due to the presence of electronegative sulfur species. Therefore, it
would be interesting to observe the effects of sulfur on the intensity of d-band electron upon
interaction with either of the reactants.
3. Investigation and characterization of working Au38 clusters supported on a TiO2 (111) surface
for CO oxidation in ultra-high vacuum-scanning tunneling microscope (UHV-STM) and
polarization-modulation infrared reflection absorption spectroscopy (PM-IRAS). One of the
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questions that has always puzzled scientists is whether the heterogeneous catalytic systems
behave in the same manner in both the UHV (10-11 atm) and atmospheric pressure. An answer
to that could be the study the Aun clusters supported on TiO2 (111) substrate in the UHV
conditions. Our recent work already demonstrated that the ligands from such a system can be
removed and monodispersity retained upon Ar sputtering (500 eV, 1-3 μA), followed by
annealing treatment in UHV at 200 °C. Therefore, upon such a treatment, the kinetics of CO
oxidation can be measured on these Aun clusters. To complement the kinetic studies, PMIRAS data can also be recorded on these clusters at the same time. These data can lead to the
formulation of a mechanism on Aun clusters during CO oxidation in UHV conditions.
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APPENDIX B: SUPPORTING INFORMATION (CHAPTER 4)
B.1 HRTEM Images and Particle Size Determination for Catalyst Samples Treated With H2/Ar

(d)

(c)

(b)

(a)

Figure B1. HRTEM micrographs and along with particle size distribution of Fe3O4@Au/TiO2
catalyst treated with H2/Ar at (a) 200 °C, (b) 300 °C, (c) 400 °C, and (d) 500 °C. All scale bars
are 5 nm.
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B.2 HRTEM Images and Particle Size Determination for Catalyst Samples Treated With O2/He

(d)

(c)

(b)

(a)

Figure B2. HRTEM micrographs and along with particle size distribution of Fe3O4@Au/TiO2
catalyst treated with O2/He at (a) 200 °C, (b) 300 °C, (c) 400 °C, and (d) 500 °C.
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B.3 TOF plots for catalysts treated with (a) H2/Ar, and (b) O2/He at different temperatures

(a)

(b)
Figure B3. Variation of turnover frequency as a function of bed temperature for
Fe3O4@Au/TiO2 catalyst treated with (a) H2/Ar, and (b) O2/He at 200 °C, 300 °C, 400 °C, and
500 °C, respectively.
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